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1

T cells – overview – update
Hendrik Schulze-Koops and Joachim R Kalden

Introduction • Lymphopenia and autoimmunity • T-cell-directed therapy by immunosuppressive drugs •
T-cell-directed therapy with biologicals • T-cell-directed therapy by blocking T-cell costimulation • T-cell-
directed therapy by blocking T-cell migration • T-cell-directed therapy with statins • T-Cell-directed therapy in 
non-rheumatic diseases • Conclusion • Acknowledgment • References

INTRODUCTION

Because of the central role that CD4+ T cells play
in the pathogenesis of autoimmune diseases, dif-
ferent T-cell-directed therapies were introduced
for the treatment of autoimmune rheumatic 
diseases. The initial approaches that aimed to
ameliorate inflammatory activity by reducing 
T-cell numbers, however, provided only modest
and inconsistent clinical benefit. Compounds that
specifically interfere with T-cell activation – such
as some of the disease-modifying anti-rheumatic
drugs currently used as standard therapy in
rheumatic inflammation – are clinically effective
in a majority of patients, but are still associated
with a number of side effects related to toxicity
and general immunosuppression. Owing to the
substantially increased knowledge of cellular
and molecular mechanisms of the pathogenesis
of rheumatic diseases and the increased under-
standing of molecular and cellular biology, mol-
ecules (biologicals) can now be specifically
designed to exclusively target only those cells
perpetuating the chronic inflammation, with
minimal effects on other aspects of the immune
or inflammatory systems. Various T-cell-directed
biologicals have been employed in rheumatic
diseases with different clinical successes. This
chapter updates the currently available clinical
data on T-cell-directed interventions in rheu-
matic diseases.

T cells are central for both the induction and
the effector phases of specific immune responses
in autoimmune diseases. Of particular impor-
tance for initiating, controlling, and driving
inflammatory autoimmune responses are CD4+

T cells that, once activated, determine to a large
extent the outcome of immune reactions by acti-
vating different effector functions of the immune
system. Thus, T cells and in particular CD4+ T cells
represent an ideal target for immunotherapy in
diseases driven by specific immunity to autolo-
gous antigens.

LYMPHOPENIA AND AUTOIMMUNITY

However, initial T-cell-directed therapies that
were designed to control disease progression by
means of reducing the number of T cells, for
example, by total lymphoid irradiation or tho-
racic duct drainage,1–3 have provided only
modest and inconsistent clinical benefit and
have been associated with a number of side
effects. It became obvious from these approaches
that the generation of T-cell lymphopenia is
insufficient to combat established autoimmune
responses. Moreover, numerous studies have
subsequently shown that manipulations that gen-
erate functional T-cell lymphopenia in animals
result in the development of a variety of organ-
specific autoimmune disease in these models.4

Impressive examples of such manipulations
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include the interleukin (IL)-2 knockout (KO)
mouse, that develops prominent autoimmune
colitis,5 the T-cell receptor (TCR) α-chain 
deficient mice which develop inflammatory
bowel disease associated with an array of
autoantibodies ,6,7 TCR-α chain transgenic mice,8

neonatal application of cytotoxic intervention
protocols, such as cyclosporin A,9 total lym-
phoid irradiation10 or thymectomy,11 and lym-
photoxic treatment of adult animals.12 Further
studies revealed that the development of
autoimmunity was critically dependent on α/β
CD4+ T cells, indicating that lymphopenia pro-
motes the induction of autoimmune inflamma-
tion by self-reactive peripheral blood CD4 
T cells in these animals. In fact, it could be
demonstrated that the peripheral T-cell popula-
tion that emerged in mice in which lymphopenia
was induced by cytotoxic treatment with
cyclophosphamide or streptozotocin, preferen-
tially consisted of interferon (IFN)-γ secreting
pro-inflammatory Th1-like cells.13 Although
lymphopenia is not sufficient for the develop-
ment of autoimmune diseases in humans,14 it is
conceivable that lymphopenia in patients with
existing autoimmune diseases permits the
homeostatic expansion of autoreactive T cells,
thereby resulting in the reappearance of autoim-
mune inflammation and, thus, the reoccurrence
of clinically overt autoimmune phenomena.

T-CELL-DIRECTED THERAPY BY
IMMUNOSUPPRESSIVE DRUGS

Owing to the significant advances in the under-
standing of T-cell biology, compounds were
designed in recent years that specifically interfere
with T-cell activation without reducing T-cell
numbers. Cyclosporin A and FK506 (tacrolimus),
for example, inhibit T-cell activation by interfer-
ing with calcineurin-mediated transcriptional
activation of a number of cytokine genes, such as
IL-2, IL-3, IL-4, IL-8, and IFN-γ. Leflunomide, a
potent non-cytotoxic inhibitor of the key enzyme
of the de novo synthesis of uridine monophos-
phate,15 dihydro-orotate dehydrogenase, blocks
clonal expansion and terminal differentiation of
T cells as activated T cells critically depend on
the de novo pyrimidine synthesis to fulfill their
metabolic needs. These compounds are clinically

effective in ameliorating autoimmune inflamma-
tion and are important components of the current
therapeutic repertoire in autoimmune diseases.
It is of interest to note that besides the estab-
lished ability of some of these so-called disease-
modifying anti-rheumatic drugs (DMARDs),
such as cyclosporine, FK506, or leflunomide, to
directly inhibit T-cell activation, many DMARDs
have been associated with a shift in the balance
of proinflammatory Th1 cells to immunomodu-
latory Th2 cells.1,16 This immunomodulatory
effect might contribute to the beneficial thera-
peutic potential of DMARDs in inflammatory
autoimmune diseases that reflect ongoing
inflammation largely mediated by activated
proinflammatory Th1 cells without the sufficient
differentiation of immunoregulatory Th2 cells to
down-modulate inflammation, such as rheuma-
toid arthritis (RA).17–20

T-CELL-DIRECTED THERAPY WITH BIOLOGICALS

Despite the progress that has been made in the
treatment of rheumatic diseases, standard
immunosuppressive therapy (even if T-cell-
directed) is still clinically ineffective in many
patients and is associated with a number of side
effects related to toxicity and general immuno-
suppression. Moreover, as yet standard therapy
with DMARDs and corticosteroids has failed to
interrupt and permanently halt autoimmune
inflammation. The substantial progress in our
understanding of molecular and cellular biology
in recent years has permitted the design of ther-
apeutic tools with defined targets and effector
functions (‘biologicals’) that might fulfill these
hopes of an optimal therapy. Based on the
increased knowledge of molecular mechanisms
involved in the pathogenesis of rheumatic dis-
eases, biologicals have been developed to selec-
tively target only those cells and/or pathways
driving the disease, while maintaining the
integrity of the remainder of the immune system.
Based on the concept that activated T cells are the
key mediators of chronic autoimmune inflam-
mation, a number of approaches have been
designed in autoimmune diseases to specifically
target mature circulating T cells. However,
although the concept of T-cell-directed immuno-
therapy with biologicals is evidence-based and

2 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY
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has been successfully employed in animal
models of autoimmune diseases, T-cell-directed
biologicals have generally failed to induce sus-
tained clinical improvement in patients with RA.1, 21

A number of reasons, such as the selection of
the targeted molecules, the design of the biolog-
icals, and the selection of patients at advanced
stages of their disease, might have contributed to
the unfavorable results of some T-cell-directed
therapies with biologicals in man. A further
problem in targeting specifically the disease-
promoting T cells in human autoimmune 
rheumatic diseases is the fact that neither the
eliciting (auto)antigens nor the specific disease
initiating or perpetuating T cells are known.
Therefore, the most rational approach to treat
human autoimmune diseases has been interfer-
ence with the activation of CD4+ T cells in a
rather non-antigen-specific manner.

T-cell-directed therapies have been per-
formed with biologicals that target T-cell surface
receptors or disrupt the cell/cell interactions
that are important for the recruitment of T cells
to sites of inflammation and/or for T-cell costim-
ulation. The T-cell surface receptors that have
been targeted in clinical trials include CD2, CD3,
CD4, CD5, CD7, CD25, and CD52. These mole-
cules are more or less specific for T cells or T-cell
subsets and were thus considered promising tar-
gets in attempts to down-modulate sustained
inflammation by virtue of interfering with T-cell
activation. A detailed review of experiences with
the in vivo use of monoclonal antibodies (mAbs)
to these individual surface receptors and the
outcome of clinical trials with such mAbs was
presented in our earlier review.1 Although some
of the mAbs employed were clearly associated
with convincing and prolonged clinical benefit,
the conception arose from these trials that target-
ing surface receptors of CD4 T cells by mAbs
was generally not sufficient to ameliorate 
established autoimmune inflammation.1,21 Of
importance, the induction of permanent unre-
sponsiveness of autoreactive T cells that would
have resulted in sustained clinical improvement
without the need for continuous immunosup-
pressive therapy was never achieved in any of
the studies. With the exception of a limited
number of trials with biologicals blocking CD2,22

CD3,23 or CD4,24 clinical studies with mAbs to 

T-cell surface receptors in rheumatic diseases
have largely been discontinued for the past 
few years.

T-CELL-DIRECTED THERAPY BY BLOCKING 
T-CELL COSTIMULATION

An alternative approach to inhibit T-cell activa-
tion in inflammatory diseases is to interrupt the
interaction between T-cells and neighboring cells
by blocking the ligand for a T-cell surface mole-
cule on the surface of the cells interacting with 
T cells, thereby preventing receptor/counter
receptor interaction. This approach has been
successfully employed in an attempt to block
CD28-mediated costimulation in T cells.25–28

Costimulation is an absolute requirement for the
activation of naive T cells. Therefore, costimula-
tion controls the initiation of specific immunity.
In fact, activation of a naive T-cell through its
TCR without providing appropriate costimula-
tion renders the T cell anergic, which essentially
restricts the initiation of specific immune
responses to professional antigen-presenting
cells (APCs), such as dendritic cells, that are able
to engage costimulatory molecules on naive T cells.
CD28-mediated costimulation can be blocked by
coating the binding partners of CD28 on APCs,
CD80, and CD86, with a soluble immunoglobu-
lin fusion protein of the extracellular domain of
CD152 (cytotoxic T-lymphocyte antigen 4,
CTLA-4). CTLA-4 is a homolog to CD28 and is
expressed by activated T cells. It can bind both
CD80 and CD86 with higher affinity than CD28.
Because CD152 has a high affinity for CD80 and
CD86, soluble forms of CTLA-4 inhibit the inter-
action of CD28 with its ligands. The various clin-
ical trials in which signaling through CD28 was
inhibited will be discussed in detail elsewhere in
this book.

An alternative costimulatory pathway
involved in T-cell activation is the CD2/CD58
pathway. Following the promising results from
an open-label study with alefacept, a soluble
fully human recombinant fusion protein com-
prising the first extracellular domain of CD58
and the hinge, CH2 and CH3 sequences of
human IgG1, in patients with psoriatic arthritis,29

a phase II study of alefacept in combination with
methotrexate for psoriatic arthritis has recently
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been presented.22 Three months after a 12-week
period of weekly intramuscular application of 
15 mg alefacept, 54% of the verum-treated
patients (compared with 23% of the placebo-
treated control) achieved an ACR20 response.
The data suggest that prevention of T-cell activa-
tion by targeting CD2/CD58 interactions is 
feasible and might result in reduction of autoim-
mune joint inflammation. Further studies are
required to substantiate these observations.

Together, the successful therapy of clinically
active rheumatic diseases with biologicals
interrupting T-cell costimulatory pathways
clearly emphasize the important role of T cells
in the pathogenesis even at advanced stages 
of these diseases. Importantly, as in contrast 
to naive T cells, memory and effector T cells 
are independent of costimulation, the data 
also strongly suggest that inflammatory joint
activity in RA and psoriasis depends on the
continuous activation and recruitment of naive 
T cells.

T-CELL-DIRECTED THERAPY BY BLOCKING 
T-CELL MIGRATION

T-cell recruitment to sites of inflammation was
successfully prevented with a murine mAb to
CD54 (ICAM-1), which is critical for transendothe-
lial migration of T cells and their subsequent
activation.30 Because of the immunogenicity of
this mAb, however, retreatment with this agent
was associated with immune complex-mediated
side effects, including urticaria, angioedema,
and serum complement protein consumption31

and therefore further studies were not conducted.
The concept of modulating autoimmune inflam-
mation by selectively interfering with T-cell
migration, however, was tested again in a more
recent randomized placebo-controlled trial of an
antisense oligodeoxynucleotide to ICAM-1 in
patients with severe RA.32 In this study, clinical
efficacy was not noted, presumably because of
insufficient dosage, as suggested by a subse-
quent study in Crohn’s disease, in which the
dose required for therapeutic efficacy was
higher than the dose employed in the RA 
trial.33 Thus the clinical value of an antisense
oligodeoxynucloetide approach to CD54 in RA
remains to be shown.

T-CELL-DIRECTED THERAPY WITH STATINS

Apart from the treatment principles described
herein in more detail, other innovative T-cell-
directed therapeutic strategies have been
defined, some of which have already entered
preliminary clinical trials. For example, the anti-
inflammatory role of 3-hydroxy-3-methylglutaryl-
CoA reductase inhibitors (statins) has been 
documented in a murine model of inflammatory
arthritis. Simvastatin not only markedly inhib-
ited developing but also clinically established
collagen-induced arthritis in doses that were
unable to significantly alter cholesterol concen-
trations in vivo.34 Importantly, simvastatin
reduced anti-CD3/anti-CD28-induced T-cell
proliferation and IFN-γ production and, more-
over, demonstrated a significant suppression of
collagen-specific Th1 humoral and cellular
immune responses. Studies in humans, though,
have not been reported to date.

T-CELL-DIRECTED THERAPY IN 
NON-RHEUMATIC DISEASES

In non-rheumatic autoimmune diseases, several
interesting T-cell-directed approaches have been
performed. For example, altered peptide ligands
(APLs) of myasthenogenic peptides that are
single amino acid-substituted analogons of the
pathogenic peptides were able to inhibit the pro-
liferative responses of the pathogenic peptide-
specific T-cell lines in vitro and to prevent in vivo
priming to the myastenogenic peptides.35 A dual
APL composed of two tandemly arranged single
altered peptide analogs was also able to inhibit
those responses in vitro and in vivo. Interestingly,
the dual APL activated CD4+CD25+-expressing
regulatory T cells in the lymph nodes of injected
mice, suggesting that the active suppression
exerted by the dual APL is mediated by the
recently identified CD4+CD25+ regulatory T-cell
population. The potency of these cells in amelio-
rating autoimmune inflammation has been doc-
umented in non-obese diabetic mice, in which
small numbers of antigen-specific CD25+ regula-
tory T cells were able to reverse diabetes after
disease onset.36 As it was possible to expand
these antigen-specific regulatory T cells in vitro,
the vaccination with CD4+CD25+ regulatory 
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T cells might open novel avenues for T-cell-
mediated cellular immunotherapy in autoim-
mune diseases. Whether the obstacle of unknown
antigens in most human autoimmune diseases
can be overcome and whether the numbers of
regulatory T cells required for down-modulating
systemic autoimmune inflammation in humans
can be generated in vitro remain to be shown.

CONCLUSION

Based on the concept that activated T cells are
the key mediators of chronic autoimmune
inflammation, different T-cell-directed approaches
have been introduced for the treatment of
inflammatory rheumatic disease. Whereas
attempts to down-modulate rheumatic inflam-
mation by reducing T cell numbers have largely
failed, novel treatment approaches with biologi-
cals that specifically inhibit T-cell activation 
by preventing costimulation are associated 
with considerable clinical efficiency. These com-
pounds have clearly established the feasibility 
of targeted T-cell-directed interventions and 
the clinical benefit induced by inhibiting T-cell
activation supports the dominant role of T cells
in rheumatic inflammation even at advanced
stages of the diseases. Some interesting novel
treatment approaches have been tested in
animal models of autoimmune disease, but their
value for clinical use in humans needs to be
established.
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INTRODUCTION

It has been recognized since the 1970s that T cells
require at least two signals for full activation
leading to maximum proliferation and cytokine
production.1–3 The first signal is provided by the
clonotypic cell surface T-cell receptor (TCR)
when it engages a specific major histocompati-
bility complex (MHC) molecule–peptide com-
plex on an antigen-presenting cell (APC). The
second activating signal(s) is provided by cos-
timulatory ligands expressed on the T-cell surface
that engage cognate receptors on the surface of
APCs. The initiation and progression of the
immune response is controlled by spatial and
temporal regulation of the expression of costim-
ulatory and coinhibitory ligands and their recep-
tors. In general, T cells that receive only the first
signal through the TCR in the absence of a
second costimulatory signal become anergic and
non-responsive. However, in certain circum-
stances, T cells may become activated after
receiving a potent agonist signal via the TCR. 
In addition to receiving costimulatory signals, 
T cells may also receive coinhibitory signals,
which results in the attenuation of costimulatory
signals and interruption of T-cell activation and
cytokine secretion. The expression pattern of
costimulatory and coinhibitory ligands and their
receptors is regulated over the course of the
immune response, ensuring an optimal balance
of stimulatory and inhibitory signals to enable
effective clearance of antigen or pathogen and a
diminution of the response once the antigen or

pathogen is cleared. Thus, T-cell costimulation
and coinhibitory pathways have evolved to
facilitate initiation of appropriate immune
responses, which are subsequently regulated to
avoid uncontrolled T-cell activation and the
attendant potential risk of autoimmunity.

There are two major families of cell surface
costimulatory molecules that can be classified
according to their structural characteristics
(Figure 2.1). Firstly, there is the CD28:B7 family,
whose ligands and receptors comprise
immunoglobulin (Ig)-like domains. The second
family of costimulatory molecules is the
CD40/CD40L family, whose ligands are homol-
ogous to tumor necrosis factor (TNF), and whose
receptors are homologous to the TNF-receptor.
In contrast to costimulatory molecules, the cell
surface coinhibitory ligands and their receptors
are predominantly composed of Ig-like domains.
This chapter reviews the important costimula-
tory and coinhibitory ligands and receptors,
with an emphasis on their function in normal
immune responses, and how these functions
may contribute to the pathogenesis of autoim-
mune disease, particularly, rheumatoid arthritis.

COSTIMULATORY PATHWAYS

CD28 AND CD80/CD86

The most well characterized T-cell costimulatory
ligand is CD28, which interacts with the costim-
ulatory receptors CD80 and CD86. CD28 is a
transmembrane protein comprising a single
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extracellular Ig variable-like (IgV) domain.4

In humans and in mice, CD28 is constitutively
expressed on the majority of CD4+ T cells and a
subset of CD8+ T cells.5,6 Costimulation through
CD28 in T cells leads to initiation of the cell cycle,
enhanced metabolic activity, up-regulation of
anti-apoptotic genes, and enhanced cytokine
production, particularly IL-2.7–9 CD28 plays a
key role in activation of naive T cells; however,
recent data suggest that CD28 also plays a role in
the activation of memory T cells.10

The first receptor to be identified for CD28
was CD80 (also termed B7-1).11 The second

receptor, CD86 (also termed B7-2), was identi-
fied subsequently.12,13 CTLA-4 is a second ligand
that binds CD80 and CD86, but CTLA-4 function
differs from CD28 because it plays an important
role in coinhibitory signaling (see below). The
CD80 receptor is expressed constitutively at
very low levels on APCs including dendritic
cells (DCs), B cells, and Langerhans cells, but its
expression is markedly up-regulated on APCs
and T cells following activation, which may
occur during infection and exposure to proin-
flammatory cytokines.14 In contrast, CD86 is
expressed constitutively and increased only

8 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

Figure 2.1 (A) Molecular interactions between costimulatory and coinhibitory receptor/ligand pairs of the immunoglobulin super-

family. Putative cognate ligands for the B7-H3 and B7-H4 receptors remain unidentified. (B) Molecular interactions between co-

stimulatory receptor/ligand pairs of the TNF/TNFR superfamily. (C) Receptor/ligand interactions that mediate costimulatory

(LIGHT/HVEM) and coinhibitory response (BTLA/LIGHT) that involve members of both the Ig and TNF/TNFR superfamilies.
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moderately after APC stimulation.12 CD80 and
CD86 are structurally similar and they have
overlapping but distinct functions.15 Considering
their tissue distribution and timing of expres-
sion, it is generally believed that CD86 is critical
for the initiation of immune responses, whereas
CD80 plays a more prominent role in mainte-
nance and subsequent attenuation of the
immune response.16

Extensive in vitro analysis of CD28 and
CD80/CD86 function has been performed using
monoclonal antibodies (mAbs) and fusion pro-
teins, including CTLA-4-Ig, in blocking experi-
ments. Antibody blockade of CD28 was shown
to inhibit T-cell proliferation in a mixed lympho-
cyte reaction (MLR).17,18 Similarly, antibody
blockade of either CD80 or CD86 also inhibited
T-cell proliferation, although dual blockade 
of both CD80 and CD86 was required for 
maximum inhibition.19 A soluble derivative of
the alternative CD80/CD86 ligand, CTLA-4,
expressed as an Ig-fusion protein (CTLA-4-Ig)
was also shown to inhibit T-cell proliferation.19

In this study, the degree of inhibition observed
with CTLA-4-Ig was similar to that observed
with CD80 plus CD86 mAbs, a result that is con-
sistent with the notion that CTLA-4-Ig is an
effective dual antagonist of CD80 and CD86.
Several studies have demonstrated that CTLA-4-Ig
is also an effective inhibitor of the CD80/CD86
interaction with CD28 in vivo,20,21 and the func-
tional effect of this reagent has been studied in a
significant number of experimental animal
models of autoimmune disease.22 CTLA-4-Ig
inhibits T-cell-dependent antibody responses,
ameliorates autoimmune disease progression
and severity, and prolongs allograft survival.23,24

In the collagen-induced arthritis model, CTLA-4-Ig
inhibits anti-collagen antibody production, paw
swelling, serum cytokine production, and bone
erosion.25

Analysis of CD28-deficient mice has con-
firmed a key role for CD28 in the activation of
naive T cells, differentiation of T-helper cells, 
Ig isotype class switching, and T-cell survival.26

Furthermore, the impaired T-cell responses
observed in these mice have established that
CD28 is the single major CD80/CD86 binding
costimulatory ligand on T cells.27 Similarly, it
has been shown that mice deficient for either

CD80 or CD86 also exhibit impaired T-cell
responses. CD80-deficient mice exhibited
reduced T-cell proliferative responses in MLRs28

and CD86-deficient mice are defective in Ig isotype
switching and have impaired splenic germinal
center formation.29 CD80/CD86-double defi-
cient mice exhibited a similar phenotype to
CD86-deficient mice, although the deficiency in
Ig isotype switching was more pronounced.29

To date, CTLA-4-Ig (abatacept) is the only
clinically approved drug that selectively targets
CD28-mediated costimulation. A phase I clinical
trial was conducted in patients with psoriasis,
where approximately half the abatacept-treated
patients exhibited a sustained improvement in
disease symptoms.30 In this study, it was estab-
lished that abatacept effectively inhibited Ig pro-
duction in response to a neoantigen as well as 
measures of inflammation in the psoriatic 
lesion. Abatacept was also shown to be effective
in reducing the signs and symptoms of rheuma-
toid arthritis in phase III clinical trials.31–33

In December 2005, abatacept was approved for
the treatment of moderate to severe rheumatoid
arthritis in the United States and Canada.22

Other biologics that target the CD28 pathway
and have been in development for autoimmune
disease but are now discontinued include anti-
CD80 (Galiximab) and anti-CD86. A small mole-
cule inhibitor of CD8034 is currently entering a
phase II clinical trial in rheumatoid arthritis
patients.35

ICOS and ICOS-L

Inducible costimulatory molecule (ICOS) is a
CD28-related molecule whose expression is
induced on differentiated T cells following acti-
vation.36 Costimulation of T cells through ICOS
initiates secretion of cytokines other than IL-2.37

The lack of IL-2 production following ICOS 
costimulation limits the long-term expansion
potential of ICOS-costimulated T cells.38 Because
ICOS seems to play a more prominent role in
driving T-cell effector function, rather than
expansion, it has been suggested that ICOS facil-
itates rapid activation of T-cell memory
responses.9 Thus, while CD28 costimulation is
required for initiation of the response, ICOS
appears to play a more prominent role in the
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ongoing response through maintenance of T-cell
effector function.39

ICOS binds B7h (also called B7RP-1, B7H2,
LICOS, and GL50), which is expressed on acti-
vated myeloid cells. ICOS does not bind CD80 or
CD86, and B7h does not bind CD28 or CTLA-4.
Both ICOS- and B7h-deficient mice display simi-
lar phenotypes, suggesting that they function as
a monogamous receptor/ligand pair. Analysis
of mice deficient for ICOS or B7h suggests that
the ICOS/B7h interaction is not an obligate
requirement for T-cell expansion, but rather
ICOS acts co-operatively with CD28 in T-cell
costimulation.40–42 The major functional role of
ICOS/ICOS-L appears to be in the induction of
T-cell effector function during T-cell differentia-
tion. The phenotype of ICOS-deficient mice and
analysis of mice treated with soluble ICOS-Ig
fusion protein to block ICOS/B7h interactions
reveal that ICOS is required for Ig isotype
switching and germinal center formation.40,41,43

ICOS seems to play little if any role in the 
generation of CD8+ T-cell effector function, since
viral CTL and antibody responses in mice
treated with soluble ICOS-Ig fusion protein were 
relatively unaffected.44 The importance of ICOS
in late B-cell differentiation and Ig class switch-
ing was confirmed following the identification
of a homozygous loss of ICOS in a subset of
patients suffering from adult-onset common
variable immunodeficiency.45,46

CD40 and CD40L

CD40 is a member of the TNFR superfamily,
which was first identified as a B-cell surface recep-
tor capable of inducing polyclonal activation 
and differentiation into antibody-producing
cells.47 CD40 is constitutively expressed on B cells,
monocytes, macrophages, DCs, epithelial cells, 
endothelial cells, fibroblasts, and platelets.48 The
ligand for CD40 is CD40L (CD154), which was
reported to induce contact-dependent differentia-
tion of B cells.49,50 CD40L is a type II transmem-
brane protein expressed predominantly by
activated CD4+ T cells and activated platelets.51

CD40L expression on T cells is induced shortly
after T-cell activation, and thus represents an early
activation marker of T lymphocytes. The expres-
sion of CD40L on activated platelets is thought to

mediate recruitment of inflammatory cells to the
damaged endothelium. In a manner similar to
membrane-bound TNF-α, CD40L is cleaved from
the cell surface of activated T cells by a matrix met-
alloproteinase, releasing a homotrimeric form of
sCD40L into the circulation.52 Like membrane-
bound CD40L, sCD40L can also promote B-cell
activation and differentiation.

Engagement of CD40 by CD40L induces up-
regulation of CD80 and CD86 on B cells, and up-
regulation of CD54 and CD86 on DCs.53,54

Ligation of CD40 on DCs induces the secretion
of cytokines such as IL-8, TNF-α, MIP-1α, and
IL-12. Functional interactions between CD40L
and CD40 are bidirectional, and engagement of
CD40L on T cells by CD40+ APCs can induce
apoptosis in CD4+ T cells and leads to the gener-
ation of CD8+ memory T cells.55,56 Ligation of
CD40 on endothelial cells triggers production of
chemokines and cytokines such as IL-8, MCP-1,
MIP-1α, RANTES, IL-1, IL-6, IL-12, and TNF-α,
and leads to the up-regulation of adhesion mol-
ecules and matrix metalloproteinases.57–60

Cognate interactions between CD40 and
CD40L are crucial for the switch in recombination
and synthesis of immunoglobulins by B cells.61

In addition to its role in Ig isotype switching,
binding of CD40L to CD40 is crucial for activa-
tion, proliferation, and maturation of B cells. 
A critical role for CD40L in B-cell function was
confirmed when genetic mutations in CD40L
were reported in patients suffering from hyper-
IgM syndrome.62 These individuals exhibit
defective antibody production manifest by 
a lack of circulating IgG and IgA due to the
inability of the B cell to switch the IgM isotype.
Similar defects were recapitulated in mice 
following genetic disruption of the CD40/
CD40L pathway.63,64

Antibody blockade of CD40L has been a rela-
tively successful immunosuppressive strategy in
animal transplantation models. In combination
with CTLA-4-Ig, CD40L blockade has both addi-
tive and synergistic effects in the context of pro-
longing kidney allograft survival in primates
and skin graft survival in mice.65,66 Preclinical
animal models also demonstrate the potential
for antagonizing the CD40L/CD40 pathway 
for the treatment of autoimmune diseases.
Treatment with an anti-CD40L mAb suppresses
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the development of collagen-induced arthritis,
ameliorating disease symptoms including joint
inflammation, cartilage erosion, and infiltration
by inflammatory cells of the subsynovial tissue.67

In a transgenic mouse model of Ig-mediated
arthritis, anti-CD40L mAb significantly dimin-
ished the development of arthritis in a prophy-
lactic treatment regimen.68 In a mouse model 
of lupus, animals treated with continuous 
anti-CD40L mAb infusion exhibited a delay in
disease onset, with increased efficacy in combi-
nation with CTLA-4-Ig. In both cases, there was
a decrease in anti-dsDNA autoantibodies and
the spleens from these animals had reduced
numbers of B cells.

Monotherapeutic applications of anti-CD40L
mAbs in human lupus have been published. 
In a phase II trial, a humanized anti-CD40L 
antibody (IDEC-131) was shown to be safe 
and well tolerated but failed to demonstrate sig-
nificant efficacy over placebo.69 In another
study, another humanized anti-CD40L antibody
(BG9588) appeared to have a beneficial impact
on the course of disease70 but the study was ter-
minated early due to adverse thromboembolytic
complications.71

OX40 and OX40L

OX40 (CD134) is a member of the TNFR super-
family originally identified by an antibody 
generated against activated rat T cells.72,73

Subsequently, the human OX40 homolog was
identified.74 OX40 is absent from resting T cells
but is expressed on CD4+ and some CD8+ T cells
following activation.75 Costimulation through
OX40 has been implicated in the generation of 
T-helper responses as well as in the maintenance
of memory T-cell populations.76 OX40L (gp34)
was first identified as a type II transmembrane
protein induced by HTLV-1 infection of T cells.77

OX40L is expressed on activated T cells, B cells,
DCs, macrophages, epithelial cells, and endothe-
lial cells, and similar to OX40, OX40L expression
is prolonged for several days following cell 
activation.78

Studies using OX40L or anti-OX40 antibody
to mediate T-cell activation demonstrated that
OX40 signaling on T cells enhances cytokine
production and proliferation of CD4+ T cells, 

an effect that can occur in the absence of CD28
signaling.79,80 OX40/OX40L interactions appear
to be important in sustaining T-cell function at
later stages of the primary immune response
and during the memory response.75,81 T cells
from OX40-deficient mice produce IL-2 and pro-
liferate normally, but as the response proceeds,
T-cell expansion and cytokine production are
not sustained.

Agonistic anti-OX40 antibody can elicit CD4+

and CD8+ T-cell expansion in vivo, with transient
splenomegaly and lymphadenopathy observed
in non-human primates.82 CD40L transgenic
mice demonstrate an accumulation of activated
CD4+ OX40+ T cells in the B-cell follicles of sec-
ondary lymphoid organs following antigenic
stimulation, suggesting that OX40 regulates 
T-cell homing within secondary lymphoid
organs.83 OX40+ T cells have been demonstrated
at the site of inflammation in a number of animal
models of autoimmunity, including experimen-
tal allergic encephalomyelitis (EAE), rheumatoid
arthritis (RA), and graft versus host disease
(GVHD).84–86 Consistent with these observations,
transgenic expression of OX40L by DCs
increases the number of antigen-responding
CD4+ and autoimmune events in rodents.83

Administration of soluble OX40-Ig fusion pro-
tein to colitic mice ameliorates disease, with a
concomitant reduction in T-cell infiltrates and
TNF-α, IL-1, IL-12, and IFN-γ production.87

In mice, a neutralizing anti-OX40L antibody
administered before, but not after a second
immunization with a model autoantigen (type II
collagen), inhibits the development of collagen-
induced arthritis,88 suggesting that the OX40/
OX40L interaction is involved in the early stages
of disease induction. Treatment with anti-OX40L
antibody or depletion of OX40+ T cells has been
shown to ameliorate EAE symptoms in both an
induced disease model and an adoptive transfer
model.85,89 OX40L antibody treatment does not
inhibit the development of pathogenic T cells
but rather their accumulation in the spinal
cord.90 The opposite effect is observed with an
activating OX40 antibody which can exacerbate
disease.91 Similarly, agonistic anti-OX40 can
break peripheral T-cell tolerance induced in
mice by administering antigen-specific peptides.
In general, these data support a role for
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OX40/OX40L in maintaining the ongoing
immune response following antigen-specific 
T-cell activation, and as such, manipulation of the
OX40/OX40L pathway has significant clinical
potential for treatment of autoimmune disease.

4-1BB and 4-1BBL pathway

4-1BB (CD137) was first discovered as a TNFR-
related cDNA whose expression was induced in
activated mouse T-cell clones.92 4-1BB is absent
from resting T cells, but is expressed on acti-
vated CD4+ and CD8+ T cells, some DCs, and 
on activated natural killer (NK) cells, with expres-
sion peaking at 42–72 hours after activation.93,94

The ligand for 4-1BB (4-1BB-L) was first identi-
fied in a human B-cell line, using a 4-1BB-Ig
fusion protein as a probe for the counter struc-
ture.95 Although a member of the TNF super-
family, 4-1BBL is unusual in that it exists at the
cell surface as a disulfide-linked homodimer,
rather than the more typical homotrimer. 4-1BB-
L is expressed on mature DCs, activated T cells
and B cells and macrophages.96,97

Antibody-induced cross-linking of 4-1BB on
anti-CD3 activated mouse T cells was shown to
enhance T-cell proliferation.93 Likewise, engage-
ment of 4-1BB by 4-1BBL was shown to elicit a
similar response.95 Engagement of 4-1BB on acti-
vated T cells by its ligand leads to a preferential
expansion of CD8+ T cells, rather than CD4+

T cells.98 Thus, signaling through 4-1BB appears
to be important for CD8+ T-cell survival, enhanc-
ing cytokine production and differentiation of
CTL effector function.98,99 In addition to 4-1BB
signaling on T cells, 4-1BBL is capable of induc-
ing a ‘reverse’ signal to APCs. For example,
engagement of 4-1BBL induces B-cell prolifera-
tion and inflammatory cytokine production by
monocytes.97,100,101 In T cells, proliferation
induced by anti-CD3 antibody is inhibited by
cross-linking of 4-1BBL, which ultimately leads
to apoptosis.102

Although 4-1BB mAbs have been shown to
effectively costimulate CD4+ and CD8+ T cells,
they can also block the development of humoral
immunity when administered early during
immunization.103 Consistent with this finding,
an anti-CD137 mAb can effectively block the onset
of SLE in young mice and block its progression in

animals with advanced disease.104 Administration
of the 4-1BB agonist antibody at the time of col-
lagen immunization blocks development of dis-
ease in a model of collagen-induced arthritis,105,106

but it has only a modest effect on progression of
established disease. 106

HVEM and LIGHT

LIGHT is a TNF-related cell surface ligand 
that was originally identified from a human acti-
vated T-cell library. It is expressed on the surface
of activated T cells, NK cells, and immature
DCs.107–109 LIGHT is a homotrimeric cell surface
protein, which exists in three distinct forms.
Full-length LIGHT is expressed on the cell sur-
face, an alternatively spliced isoform lacking the
transmembrane domain is retained in the cyto-
plasm, and there is a soluble form which is
released from the cell surface by a metallopro-
tease activity.110,111

There are two cell surface receptors that inter-
act with LIGHT. The first, HVEM (herpesvirus-
entry mediator), is expressed on T cells, B cells,
monocytes, and immature DCs112,113 and the
second, lymphotoxin-β receptor (LTβR), is
expressed on epithelial cells and stromal cells
but not on lymphocytes.107 HVEM expression
decreases following T-cell activation and it has
been suggested that LIGHT may be responsible
for this phenomenon.111 This reciprocal regula-
tion of LIGHT and HVEM expression may be
important for limiting the duration of LIGHT-
HVEM-mediated T-cell activation. HVEM also
interacts with the BTLA (B- and T-lymphocyte
attenuator) ligand. BTLA is a coinhibitory ligand
which down-regulates B- and T-cell responses
and will be discussed further below. LIGHT can
also costimulate T-cell proliferation in a manner
that is CD28-independent.108,114,115 This response
can be inhibited with either an anti-HVEM anti-
body or an HVEM/Fc fusion protein, indicating
that LIGHT-mediated T-cell immune responses
are mediated through its interaction with
HVEM. Splenocytes from HVEM-deficient mice
fail to proliferate in response to triggering with
an anti-TCR antibody plus recombinant soluble
LIGHT, demonstrating that HVEM signaling is
essential for LIGHT-mediated costimulation.116

CD8+ T cells from LIGHT-deficient mice exhibit
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reduced in vitro proliferative responses,115,117

although LIGHT deficiency does not appear to
impact their cytolytic effector function.

Transgenic mice with enhanced LIGHT
expression on T cells exhibit a lymphoprolifera-
tive phenotype, with expanded populations of
both CD4+ and CD8+ T cells.118 In transplantation
models, antibody blockade of LIGHT or targeted
disruption of the LIGHT gene has been shown to
ameliorate graft rejection and GVHD, further
supporting a role for LIGHT in regulation of 
T-cell effector function.114,119 Blockade of the
LTβR/LIGHT interaction by a soluble LTβR-Ig
fusion protein has been shown to ameliorate dis-
ease severity in a colitis model.118,120 Consistent
with these findings, transfer of transgenic T cells
overexpressing LIGHT into RAG−/− recipient
mice induces a rapid disease onset with a pathol-
ogy similar to Crohn’s disease.116 Up-regulation
of LIGHT is also associated with active disease
in Crohn’s patients, suggesting that LIGHT may
contribute to pathogenesis of Crohn’s disease.116

CD27 and CD70

The CD27 receptor is a member of the TNFR
superfamily originally identified as a novel T-cell
differentiation antigen.121 CD27 is a disulfide-
linked homodimer expressed on CD4+ and CD8+ T,
NK cells, and antigen-primed B cells. The CD27
counter structure, CD70, is expressed on acti-
vated T and B cells, activated DCs, NK cells, and
Hodgkin’s lymphoma cells.121,122 CD70 expres-
sion on T cells is up-regulated following antigen
activation and it is further modulated 
by cytokines.123 On DCs, CD70 expression is
induced by CD40 ligation.124 Interestingly,
anomalous expression of CD27 in B cells has
proved a useful marker for assessing disease
activity in lupus patients.125

Costimulation mediated by CD27/CD70
induces expansion and differentiation of effector
T-cell and memory T-cell populations.126

Engagement of CD27 on B cells promotes cell
expansion, germinal center formation, plasma
cell differentiation, and Ig production.126,127

CD27-deficient mice have reduced numbers 
of antigen-specific T cells in lymphoid organs
and recruitment of CD4+ and CD8+ effector 
T cells to sites of viral challenge in these animals

is also impaired.128 CD27 signaling in T cells is
thought to enhance cell survival rather than
directly affecting proliferation. CD70 transgenic
mice exhibit an accumulation of CD4+ and CD8+

effector T cells, which leads to progressive
depletion of naïve T cells in secondary lymphoid
tissue.129 In a vascularized cardiac transplant
model, CD70 blockade has little effect on CD4+

T-cell function but prevents CD8+ T-cell-
mediated graft rejection.130

CD30 and CD30L

CD30 (Ki-1) is a TNFR-related cell surface recep-
tor originally discovered as a marker of Reed-
Sternberg cells in Hodgkin’s lymphoma, where
it was discovered that CD30 overexpression 
led to malignancy.131 CD30 is expressed on acti-
vated T cells and B cells, and some NK cells, 
and is inducible on T cells by signaling through
the TCR in combination with CD28 or IL-4 
signaling. CD30+ cells are also present at inflam-
matory sites in several human diseases, includ-
ing atopic dermatitis, RA, chronic GVHD, and
systemic sclerosis.132 CD30L (CD153) is primarily
expressed by CD4+ T cells, B cells, and some
tumors. 133

Signaling through CD30 can induce prolifera-
tion, differentiation or apoptosis depending
upon the cell type, stage of development, and
other stimuli.133–136 CD30-deficient mice have an
impaired capacity to sustain follicular germinal
center responses and have reduced recall responses
to T-dependent antigens.137 Memory T-cell
responses are reduced in these mice because the
T cells fail to receive adequate survival signals
from CD30+ OX40L+ accessory cells in B-cell 
follicles. Consistent with this finding, a non-
depleting anti-CD30L mAb inhibits class switch-
ing in antibody responses to T-dependent
antigens, but it does not affect primary antibody
responses.132 As expected, the phenotype of
CD30L-transgenic mice is generally the opposite
of that observed with the CD30-deficient 
mice. It has been suggested that CD30 is a 
candidate for a diabetes-susceptible gene (Idd 9)
in NOD mice,138 and an anti-CD30L antibody
has been used to implicate the CD30/CD30L
pathway in autoimmune diabetes.139 The
CD30/CD30L pathway has also been implicated
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in CD4+ T-cell-mediated GVHD disease.139,140

Currently, there are anti-CD30 antibodies in the
clinic for the treatment of hematopoietic malig-
nancies but none for autoimmune disease.

COINHIBITORY PATHWAYS

CTLA-4 AND CD80/CD86

The coinhibitory ligand counterpart to CD28 
is CTLA-4, which was first identified as an 
activation-induced gene in mouse T cells.141,142

In contrast to CD28, CTLA-4 delivers a negative
signal to T cells, and even low levels of constitu-
tively expressed cell surface CTLA-4 are capable
of inhibiting early events in T-cell activation 
and IL-2 secretion.143 CTLA-4 binds both CD80
and CD86, although the apparent affinity of
CTLA-4 interaction with CD80 is significantly
higher than the corresponding interaction with
CD86, as a consequence of multivalent avidity
enhancement.144 The mechanism of CTLA-4
function involves inhibition of TCR signal trans-
duction through binding of CTLA-4 to the zeta
chain of the TCR, with concomitant inhibition of
tyrosine phosphorylation via phosphatases asso-
ciated with the cytoplasmic tail of CTLA-4.145

More recently, CTLA-4 was shown to effect the
immune synapse and length of time of interac-
tion between T cells and APCs.146,147 An alterna-
tively sliced variant of CTLA-4 which lacks the
CD80/CD86 binding domain has been identified
and shown to induce potent inhibition of T-cell
proliferation and cytokine secretion,148 suggesting
that CTLA-4 can function as a negative regulator
of T cell responses in a CD80/CD86-independent
fashion. Thus, the mechanism of CTLA-4-mediated
down-regulation of T-cell activation is complex,
because it involves ligand competition, pertur-
bation of the immune synapse, and recruitment
of intracellular phosphatase activity, which 
may occur in a ligand-dependent or a ligand-
independent fashion.149

The crucial role of CTLA-4 in down-regulating
T-cell responses was most clearly evident in the
phenotype of CTLA-4-deficient mice. These ani-
mals develop a pronounced lymphoproliferative
disorder and die at around 3 weeks of age as 
a consequence of multiorgan lymphocytic infil-
tration and tissue destruction.150 In humans, 

susceptibility to the cluster of autoimmune dis-
orders including Graves’ disease, autoimmune
hypothyroidism, and type I diabetes is corre-
lated with lower levels of an alternatively
spliced transcript which encodes a soluble form
of CTLA-4.151

PD-1 and PDL-1/PD-L2

Programmed death-1 (PD-1) was initially
described as an abundant transcript in a mouse
T-cell hybridoma undergoing programmed cell
death. Subsequently, it was shown that PD-1 is
also expressed on activated T cells, B cells, and
myeloid cells in humans and mice. PD-1 is a
single IgV-like domain, but unlike CD28 and
CTLA-4, it exists as a monomer at the cell sur-
face. Like CTLA-4, even low levels of PD-1 at the
cell surface are sufficient to mediate inhibition of
T-cell activation. PD-1 has two counter-receptors,
PD-L1 (B7h1) and PD-L2 (B7-DC), which share
38% sequence identity. PD-L1 mRNA is widely
expressed in parenchymal tissue, including
heart, placenta, skeletal muscle, and lung, but
PD-L1 protein appears to be restricted to cancer
cells, activated myeloid cells, and a subset of
activated T cells. PD-L2 expression is restricted
to activated macrophages and DCs.

Genetically modified mice deleted for expres-
sion of PD-1, PD-L1, or PD-L2 exhibit immune
phenotypes consistent with an inhibitory role for
this receptor ligand/pair in T-cell activation.
PD-1-deficient mice spontaneously develop a
lupus-like disease or autoimmune dilated car-
diomyopathy, depending on the genetic back-
ground. PD-1-deficient mice crossed with
H-2Ld-specific TCR transgenic mice on an H-2b/d

background develop splenomegaly and a lethal
GVHD. In NOD mice, PD-1 deficiency or block-
ade accelerates progression of autoimmune 
diabetogenic disease. In humans, PD-1 has been
identified as a candidate gene within a disease-
susceptibility locus for systemic lupus erythe-
matosus (SLE). In PD-L1-deficient mice, CD8+

T cells exhibited enhanced clonal expansion 
and were capable of secreting higher levels of
IFN-γ. Likewise, PD-L2-deficient mice exhibit
enhanced in vivo T-cell activation and aug-
mented APC function. A second study of PD-L2-
deficient mice reported contradictory findings of
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diminished CD4+ T-cell-dependent humoral
responses and impaired CD8+ T-cell anti-tumor
responses, suggesting a costimulatory function
for PD-L2. These studies suggest that mouse 
PD-L2 possesses dual stimulatory and inhibitory
functions, invoking the presence of an additional
costimulatory ligand analogous to PD-1.
Nevertheless, it appears that the primary role of
PD-L2 in humans is inhibitory.

Consistent with its function as a coinhibitory
ligand, it has been shown that PD-1 attenuates
immune responses to both viruses and tumors. 
In humans and mice, it has been shown that during
chronic viral infection, T cells that have become
non-responsive as a consequence of PD-1 overex-
pression, can be functionally reactivated follow-
ing PD-1 blockade. It has been demonstrated that
overexpression of PD-L1 in human cancer cells
confers resistance to cytolysis by T cells, thought
to be mediated by PD-L1-induced apoptosis in
the T cell. Similarly, enhanced anti-tumor responses
were observed in mice treated with T cells acti-
vated by APCs under conditions where PD-L1
function was blocked. Taken together, these
results show that the primary function of the 
PD-1-PD-L1/PD-L2 pathway is to mediate down-
regulation of the immune response.

B7-H3 (B7RP-2)

B7 homolog 3 (B7-H3) was first identified in
humans as a truncated sequence derived from a
more abundant, full-length sequence ubiqui-
tously expressed in many tissues including,
heart, liver, lung, kidney, pancreas, and colon.
Human B7-H3 protein is expressed on immature
and mature DCs, activated monocytes, subsets
of activated T cells, B cells, and NK cells, and
also neuroblastomas and many other cancer cell
lines. Mouse B7-H3 is similarly expressed in a
wide variety of tissues, including osteoblasts. 
In mice, the abundant form of B7-H3 corresponds
to the truncated form of human B7-H3, a conse-
quence of selective exon loss that occurred in
rodents, but not in humans. The putative counter
structure for B7-H3 has not been identified.

Blocking experiments conducted with soluble
B7-H3-Ig fusion proteins and antibodies have
yielded conflicting functional results, although
in mice, B7-H3 appears to function predominantly

as an attenuator of immune responses. For
example, it has been shown that immobilized
soluble B7-H3-Ig fusion protein induces a 
dose-dependent inhibition of mouse T-cell 
proliferation and reduced IL-2 and IFN-γ pro-
duction. Furthermore, blockade of B7-H3 with
an antagonist antibody was shown to enhance 
T-cell proliferation and enhance EAE. However,
it has been shown that B7-H3 was capable of
delivering a positive costimulation signal lead-
ing to expansion of antigen-specific CD8+

cytolytic cells.
Genetically modified mice lacking B7-H3

developed more severe disease symptoms in
both an airway inflammation model and an EAE
model. An inhibitory role for B7-H3 was further
supported by the finding that mouse APCs lack-
ing B7-H3 expression exhibit enhanced stimula-
tory capacity. B7-H3-deficient mice developed a
spontaneous autoimmune phenotype and
develop anti-DNA autoantibodies with age. The
relatively broad tissue distribution of B7-H3
suggests pleiotropic effects outside the immune
system and a recent report describing reduced
bone mineral density in B7-H3-deficient mice
suggests a role for B7-H3 in osteoblast differen-
tiation and bone mineralization. In humans,
there is less evidence to support the role of B7-H3
as an inhibitory receptor, although it has been
reported that B7-H3 expressed ectopically on
APCs can attenuate T-cell proliferative responses.
Interestingly, a recent report has shown that 
B7-H3 expression affords tumor cells protection
from NK cell-mediated lysis. Taken together, it
appears that B7-H3 functions predominantly as
a coinhibitory receptor. The lack of structural
conservation between human and mouse B7-H3
may further reflect species-specific differences in
B7-H3 function in mice and humans.

B7-H4 (B7x, B7s1)

B7-H4 was identified by sequence database
mining based on similarities to other known
members of the gene family. Like B7-H3, B7-H4
mRNA is also expressed in many tissues, includ-
ing lung, kidney, stomach, and small intestine,
but the relatively broad distribution of the
mRNA contrasts with the more restricted
expression pattern of B7-H4 protein. In mice, 
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B7-H4 protein is expressed on splenic B cells and
peritoneal macrophages, but not on T cells. 
In humans, B7-H4 is absent from resting T cells,
B cells, monocytes, and DCs, but its expression is
up-regulated on activated T cells and B cells.
Aside from its expression on lymphoid cells, 
B7-H4 is highly expressed in human cancers,
including breast, ovarian, renal, and kidney 
cancers. Moreover, B7-H4 is abundantly
expressed on tumor-infiltrating macrophages in
ovarian cancer. Initially, B7-H4 was thought to
interact with the coinhibitory ligand BTLA (see
below), but this has since been disproved.
Binding studies with soluble B7-H4 have
demonstrated a putative ligand on activated
human T cells, although it remains unidentified.

There are relatively few data on the functional
outcome of B7-H4 blockade on T-cell responses.
However, one study reported that antisense
oligo-mediated down-regulation of B7-H4
expression on tumor-infiltrating macrophages
enhanced their ability to prime T cells when
coinjected into ovarian tumors in a xenogeneic
model. Recently, analysis of B7-H4-deficient
mice revealed a mild enhancement in the magni-
tude of Th1-type responses, but the overall
impact of B7-H4 deficiency on immune responses
is subtle, possibly indicative of overlapping func-
tion between the ubiquitously expressed coin-
hibitory receptors such as B7-H3 and B7-H4.

BTLA

B- and T-lymphocyte attenuator (BTLA) was ini-
tially discovered in a mouse Th2 T-cell clone183

and was subsequently shown to be also
expressed at high levels on mouse B cells. 
In humans, BTLA is constitutively expressed on
B and T cells and expression is diminished fol-
lowing activation.184 The receptor for BTLA has
been identified as HVEM,185,186 a TNFR-related
molecule which is relatively widely expressed on
T cells, B cells, NK cells, DCs, and myeloid cells
(see above). BTLA and HVEM are structurally
unrelated and, as such, this interaction repre-
sents an unusual example of cross-talk between
the two major structural classes of costimulatory
and coinhibitory ligands and their receptors.187

In humans, cross-linking BTLA with an ago-
nistic mAb inhibited T-cell proliferation and

cytokine production in primary CD4+ T-cell
responses and secondary CD4+ and CD8+

responses.184,188 At present, the function of BTLA
on other cells is less clear. Unlike other costimu-
latory and coinhibitory ligands, BTLA is poly-
morphic and several alleles have been identified
in various inbred mouse strains.158 In humans, a
BTLA gene polymorphism has been associated
with an increased risk of RA.190

CONCLUSION AND SUMMARY

A regulated balance of activating and inhibitory
signals is required to ensure an effective immune
response while preserving self-tolerance. After its
initiation, the magnitude and progression of the
immune response are governed by an array of
costimulatory and coinhibitory receptor ligand
pairs whose expression is modulated both spa-
tially and temporally. At the outset of the
response, T-cell activation is directed largely by
a combination of an antigen-specific signal via
the TCR and a costimulatory signal delivered by
CD28 ligation. As the response progresses, cos-
timulation through other costimulatory ligands,
such as ICOS, regulates the differentiation of 
T-cell effector function. At the height of the
response, expression of coinhibitory molecules
such as CTLA-4, BTLA, and PD-1 is up-regulated,
which serves to dampen the response as the
pathogen or antigen is cleared. While CTLA-4 is
the predominant coinhibitory ligand, additional
inhibitory signals are provided by BTLA, B7-H3,
and B7-H4. The relatively broad distribution of
some of the more recently discovered coin-
hibitory receptors suggests a key role for these
molecules in the maintenance of tolerance and
the regulation of immune responses in periph-
eral tissues. The molecules that direct costimula-
tory and coinhibitory signaling pathways
represent tractable targets for therapeutic inter-
vention in inflammatory autoimmune disease.
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INTRODUCTION

Cellular therapy employing Foxp3-expressing
regulatory T cells (Tregs) holds the promise to
replace and/or supplement indiscriminatory
immunosuppression by drugs. In order to
achieve this goal in the clinic we need to learn
more about the generation, lifestyle, and func-
tion of Tregs. One way to generate Tregs of any
desired antigen specificity is the retroviral intro-
duction of the Foxp3 gene into activated CD4 
T cells. Foxp3 is mostly but not exclusively a
transcriptional repressor that interferes with 
T-cell receptor (TCR)-dependent activation of
genes and may exert its effect, at least in part, by
compromising NF-AT-dependent gene activation.
Another way of generating Tregs extrathymi-
cally in vivo is the introduction of low amounts
of peptides under subimmunogenic conditions.
Such artificially induced Tregs have a long 
lifespan in the absence of the inducing antigen
and can thus mediate antigen-specific tolerance.
Antigen specificity of Tregs-mediated immuno-
suppression is due to effective co-recruitment
and expression of Tregs and T effector cells to
antigen-draining lymph nodes and sites of
inflammation such that Tregs effectively sup-
press neighboring effector T cells at early or 
late stages of their differentiation. The latter
allows for interference with already established
unwanted immunity and may thus be employed
to treat rather than prevent unwanted immune
reactions.

The notion that the immune system employs
different mechanisms to prevent autoimmune
disease or maintain self-tolerance has been
around for decades, but definitive evidence
emphasizing the essential role of negative selec-
tion as well as that of suppressor or regulatory 
T cells is of more recent origin. Today we distin-
guish negative selection in the form of deletion1

of certain antigen-specific cells as well as in 
the form of ‘anergy’2 by cell-autonomous mech-
anisms, also referred to as ‘recessive’ tolerance,
from tolerance that relies on the silencing of
immune cells by regulatory or suppressor T cells
by non-cell-autonomous mechanisms,3 also
referred to as ‘dominant’ tolerance. Both forms
of tolerance can achieve antigen-specific non-
responsiveness of the immune system in con-
trast to pharmacological interventions that
usually result in undesirable general immuno-
suppression with potentially deadly side effects.
In many clinical situations antigen-specific 
non-responsiveness represents the desired goal
but in general present day treatment does not
achieve that goal. For that reason it remains a
great challenge for immunologists to design
strategies and protocols that achieve antigen-
specific non-responsiveness, since there is little
hope that the pharmaceutical industry will come
up with suitable procedures to effectively and
specifically interfere with unwanted immunity
in the near future. Given this goal, it appears a
reasonable strategy to exploit evolutionarily
selected mechanisms effective in self-tolerance
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for clinical purposes. This requires a thorough
understanding of how the immune system 
manages to avoid self-aggression. It is now
appreciated that so-called negative selection of
potentially self-reactive T cells by antigens
inside and probably also outside the thymus
essentially contributes to self-tolerance.4 Likewise
it has become clear that the generation of
Foxp3-expressing regulatory T cells is manda-
tory to achieve self-tolerance.5 The progress in
understanding the contribution of such reason-
ably well-defined mechanisms to tolerance has
thus established the somewhat limited useful-
ness of models that solely consider the absence 
of ‘danger’ signals as an essential feature of
self-tolerance.

While we have some basic ideas about mech-
anisms that can be exploited to induce antigen-
specific non-responsiveness, much needs to be
learned in detail before this will become clini-
cally applicable. Experiments have shown that
overexpression of certain crucial self-antigens
(such as insulin) that results in more profound
tolerance by negative selection,6 can be helpful
in preventing autoimmune disease, perhaps
because certain autoimmune diseases, such as
type 1 diabetes, begin with a rather limited
autoimmune response to antigens such as
insulin,6,7 while later on a variety of other anti-
gens in pancreatic β cells are recognized. However,
clinically, such maneuvers would be limited to
introducing such antigens prior to disease 
outbreak or when the immune system is ‘reset’
after elimination of mature lymphocytes by 
x-irradiation and/or cytotoxic drugs.

In contrast, the manipulation of regulatory 
T cells appears to represent a more widely appli-
cable approach not only to prevent but poten-
tially also to interfere with already ongoing
unwanted immunity. With such a clinical goal in
mind it is clear that we need to have a much
better understanding of how antigen-specific
regulatory T cells are and can be generated
and/or amplified and how they can achieve
antigen-specific non-responsiveness. It is the
purpose of this chapter to review recent progress
in the understanding of several aspects of 
regulatory T cells with the hope that some of 
this information may find its way into the clinic,
with the challenge that ensuing procedures 

will eventually replace or at least supplement
the present day practice of indiscriminate
immunosuppression.

CHARACTERISTICS OF REGULATORY T CELLS

Recent years have seen rapid progress in the
characterization of regulatory T cells (Tregs).
There is not one particular cell surface marker
that defines Tregs but the CD25 surface mole-
cule is at least expressed on the vast majority of
cells that express the Foxp3 transcription factor,
which has become a signature gene expressed in
Tregs. The recognition that CD25+ cells are
enriched in Tregs has thus contributed consider-
ably to establishing their role in suppressing the
activation and function of other lymphocytes.8

In the meantime other molecules such as 
neuropilin 1,9 CD103,10 GPR83,11 GITR,12 and
CTLA-413 have been shown to have a character-
istic expression profile in Tregs and thus can be
helpful in achieving optimal purification in com-
bination with the CD25 marker. Recent evidence
shows that CD4+25+ Tregs are IL-7R-negative, in
contrast to CD4+25+ cells that just represent 
activated T cells without obvious regulatory
function.14 Intracellular staining by Foxp3 anti-
bodies represents a useful means to identify
Tregs in various tissues15 and in the meantime
various Foxp3 reporter mice16,17 have become
available, which allow purification of functional
Foxp3-expressing cells. While Foxp3 expression
represents a good signature for Tregs it can have
its drawbacks, because Foxp3 can be transiently
expressed in activated T cells that do not qualify
as stable Tregs.15

A variety of studies indicate that stable Foxp3
expression is sufficient to confer a regulatory 
T-cell phenotype to CD4 T cells.18–20 Thus retro-
viral Foxp3 transduction is a valuable means to
endow antigen-specific T cells with a regulatory
phenotype. This represents an important tool
because, unlike the in vitro expansion21,22 of Tregs
that have been preformed in vivo, it allows pro-
duction of Tregs of any desired specificity.

Recent data suggest that Foxp3 can interact
with NF-AT in a DNA binding complex to regu-
late gene expression such as down-regulation of
the IL-2 gene and up-regulation of CTLA-4 and
CD25 molecules.23 It is presently not clear

24 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch03  8/9/07  3:12 PM  Page 24



whether all Foxp3-dependent gene regulation
involves NF-AT and whether NF-AT plays a
crucial role in the generation of Tregs. It has
become clear from the combined analysis of
Foxp3 binding and genome-wide gene expres-
sion, however, that Foxp3 is predominantly but
not exclusively a repressor that silences genes
that are normally activated after T-cell stimula-
tion, especially genes associated with T-cell
receptor (TCR) signaling.43 This fact may con-
tribute to the relatively poor response of Tregs in
response to antigenic stimulation in vitro, while
exogenous growth factors may permit effective
clonal expansion in vivo. The latter feature is
likely essential for effective in vivo suppression.

Among the genes that fail to be up-regulated
in Foxp3-expressing cells is the PTPN22 phos-
phatase that has a role in dephosphorylating
p56lck and Zap-70. Interestingly, a gain of func-
tion mutation of this gene is associated with sev-
eral autoimmune diseases and it is presently not
clear whether this mutant affects Tregs that con-
trol autoimmune disease or effector T cells that
cause autoimmune disease.24

Another important characteristic of Tregs is
that they do express an αβ,TCR that confers anti-
gen specificity. This is worthwhile pointing out,
since many studies on Tregs ignore this fact. 
It is our belief that antigen specificity of Tregs is
absolutely crucial for antigen-specific suppres-
sion of immune responses and hence consider-
able attention has to be paid to the role of TCR
specificity in the generation, homing, and effec-
tor function of Tregs.25 As all T cells with αβ,
TCRs, Tregs also undergo stringent TCR-
dependent selection in primary and secondary
lymphoid organs,26 which eventually may be
exploited to generate Tregs of any desired speci-
ficity and to interfere specifically with unwanted
immune responses in the clinic.

INTRA- AND EXTRA-THYMIC 
GENERATION OF TREGS

Experiments in TCR transgenic mice, in which
the transgenic TCR was the only TCR expressed,
by developing T cells have clearly shown that
ligation of the αβ,TCR by strong agonist ligands
plays an essential role in the intrathymic genera-
tion of Tregs.27,28 These results are compatible

with analysis of the Tregs TCR repertoire in
normal mice, suggesting a focus on self-antigens.29

It became especially obvious that expression of
TCR ligands by thymic epithelial cells repre-
sented a powerful means to commit developing
CD4+ T cells to the Treg lineage.28 In this context
it is of considerable interest to note that thymic
epithelial cells, and especially thymic medullary
epithelial cells, can express ‘ectopically’ a variety
of proteins that otherwise would be considered
‘organ-specific’ such as preproinsulin2 that is
expressed in pancreatic β cells but also in thymic
medullary epithelial cells.30,31 Such ectopic
expression can be regulated, at least in part, by
the AIRE (autoimmuneimmune regulator) tran-
scription factor32 and it is thus conceivable that
the ectopic expression of ‘organ-specific’ antigen
by thymic epithelium plays a decisive role in the
generation of Tregs specific for such antigens,
even though experiments addressing that ques-
tion have so far yielded negative results.33,34

However, negative results by no means rule out
the possibility that AIRE-regulated antigens con-
tribute to the generation of Tregs under more
favorable experimental conditions.

The intrathymic generation of Tregs by strong
agonist ligands appears to require costimulation
of developing cells by B7-1 (CD80)35 ligands that
are expressed on thymic epithelial cells as well
as on antigen-presenting cells (APCs) of hemo-
poietic origin, at least under certain experimen-
tal conditions. This is a somewhat astonishing
observation in the light of findings that Treg
generation in peripheral lymphoid tissue is most
effective under conditions that avoid costimula-
tion (see below). Conceivably this could be due
to the different stages of development of thymic
and extrathymic T cells, which may require dif-
ferent signaling inputs for Treg commitment.
From thymus transplantation experiments it is
clear that Tregs generated by ligands expressed
on thymic epithelium only can migrate into
peripheral lymphoid tissue and patrol the body
for long periods of time without being con-
fronted with the same ligand that was involved
in their generation.28,36 This does not exclude the
possibility that lower affinity ligands in periph-
eral lymphoid tissue may contribute to survival,
much as they can contribute to survival of CD4
and CD8 conventional T cells.37
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Considering the intrathymic generation of
Tregs it is of interest to note that generation of
Tregs from cells with one particular αβ,TCR is
not mutually exclusive to deletion of some of
these cells.28 Thus both processes depend on
recognition of agonist ligands by developing
CD4+ T cells but under some conditions such
recognition results in deletion and under other
conditions in Treg generation, even within the
same thymus, perhaps because some of these
cells encounter their TCR ligands on different
cells, i.e. either on cross-presenting dendritic cells
(DCs) or directly on thymic epithelial cells.38

Whereas the intrathymic generation of Tregs
would mostly depend on instruction of lineage
commitment by self-antigens, the peripheral
generation of Tregs may also include instruction
by foreign antigens. It is therefore of considerable
interest to define conditions permissible for
extrathymic Treg generation. To this end we
have exploited protocols of subimmunogenic
antigen presentation, because circumstantial
and historic evidence suggested that one might
be able to induce ‘dominant’ tolerance in this
way. Indeed it was found that either constant
delivery of peptides by osmotic mini-pumps39 or
by targeting DCs with peptide-containing fusion
antibodies directed against the DEC205 endo-
cytic receptor on DCs allowed the conversion 
of naïve T cells into Foxp3 regulatory T cells.15

The conversion process depended on an intact
TGF-βRII receptor on naïve T cells a similiar and
conditions that avoided activation of DCs as
well as IL-2 production by naïve T cells. It was
clear that Tregs were generated by conversion
rather than expansion of already committed
Tregs, since the experiments were performed in
mice expressing only one particular transgenic
TCR in the absence of coexpression of a TCR
agonist ligand, resulting in the unique constella-
tion that none of the generated CD4+ T cells ini-
tially exhibited a Treg phenotype and only a
certain percentage (15–20%) assumed it after the
artificial introduction of the respective TCR ago-
nist ligand.15 Importantly, the Tregs generated in
this way exhibited i.e. was TGF-β-dependent the
same global gene expression pattern as intra-
thymically generated Tregs38 and much like
intrathymically generated Tregs exhibited a long
lifespan that was independent of further supply

of the TCR agonist ligand. Thus by these maneu-
vers a Treg ‘memory’ to external TCR ligands
could be induced, resulting in the subsequent
suppression of immune responses elicited by the
same agonist ligand, i.e. this protocol succeeded
in generating specific immunological tolerance
to one particular antigen (“by stander” supres-
sion, see below). Hopefully this protocol can be
extended to many other antigens and thus help
the prevention of unwanted immune responses.
Of note, this particular protocol only works with
naïve T cells and not with T cells that have already
been activated in vivo and thus can presumably
not be used to suppress already established
autoimmunity in which most antigen-specific 
T cells are already activated. In such cases the in
vitro generation of Tregs by Foxp3 transduction
would likely be more appropriate (see below).38

LIFESTYLE OF TREGS

As pointed out above, Tregs can survive for rel-
atively long periods of time as resting cells at an
intermitotic stage but as soon as they encounter
their TCR agonist ligand they will express 
activation markers and begin to home to antigen-
draining lymph nodes and undergo considerable
expansion.21,22,36 This is usually accompanied by
loss of CD62L and acquisition of CD44 expres-
sion and followed by expression of the αE

integrin (CD103) receptor (at least in the mouse).
Such activated cells to extravasate and accumu-
late together with other T effector cells in
inflamed tissue.10 It is in fact the co-recruitment
of CD4 and/or CD8 effector cells with activated
Tregs in draining lymph nodes and/or inflamed
tissue that determines the specificity of immuno-
suppression:36 since Tregs suppress neighboring
T cells in a ‘bystander’ fashion it can only be
effective when most antigen-specific effector 
cells are co-recruited to the same anatomical
location, which depends on presentation of TCR
ligands in these places, such as antigen-draining
lymph nodes.20 Thus while Tregs may suppress 
‘innocent’ bystanders that happen to be in their
vicinity, this will not result in general immuno-
suppression, because the majority of such 
‘innocent’ cells will be distributed throughout
the body and not recruited by antigen such that
they will not be subject to suppression. It is for
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this reason that injection of Tregs specific for a
pancreas-derived antigen are far more effective
in suppressing diabetes than polyclonal Tregs
that will not all accumulate and be activated in
pancreatic lymph nodes.20

‘Bystander suppression’ is well documented
by the fact that, for instance, CD4+ Tregs recog-
nizing a class II major histocompatibility complex
(MHC)-presented epitope from one particular
protein can suppress CD8 T cells recognizing a
different class I MHC-presented epitope from
the same protein.40 Thus the antigen specificity
of Tregs and effector T cells does not need 
to match for effective immunosuppression to
occur: it is sufficient that the different T cells are
co-recruited to the same tissue. This of course is
good news since this will permit a Treg of one
particular specificity to suppress a variety of
effector cells with different specificity, as long as
all these different epitopes are present within the
same draining lymph node or anatomical site.

Since many intrathymically generated Tregs
are specific for self-antigen it is perhaps not sur-
prising that normally there are always ‘activated’
Tregs present in the organism41 and some of
these Tregs may be engaged in locally prevent-
ing autoimmunity. In fact neonatal removal of
Tregs will result in the ‘scurfy’ phenotype asso-
ciated with multiorgan-specific autoimmunity.42

Other Tregs are apparently not ‘in action’ and
patrol the body by exhibiting a phenotype of
naïve T cells that do not divide.30,41

FUNCTION OF TREGS

One of the questions that has remained rather
elusive concerns the molecular mechanisms by
which Tregs control other T cells. There are
probably several not mutually exclusive mecha-
nisms that may dominate in certain situations.25

In vitro data have emphasized the role of close
cell-to-cell contact and a nonessential role of
cytokines such as IL-10 or TGF-β. All in vivo data
published so far have emphasized the crucial
role of the TGF-βRII on suppressed cells, since a
dominant negative form of that receptor is usu-
ally associated with ineffective Treg suppression
and with generalized autoimmunity. It is still
not clear whether this results from the fact that
Tregs produce TGF-β (which they do but only in

moderate amounts) or whether in general TGF-
β-induced signaling ‘conditions’ effector cells for
more stringent suppression by a mechanism that
does not involve increased TGF-β production but
depends on specific Treg activation.25 A good
example for such a scenario is the suppression of
tumor-specific CD8 T cells by CD4 Tregs that 
crucially depends on an intact TGF-βRII receptor
on the CD8 T cells. In this particular model the
suppression affects the function of fully differen-
tiated cytotoxic T lymphocytes (CTLs), notably
the secretion of cytolytic granules. However, in
vitro experiments with fully differentiated CTLs
have shown that TGF-β does not have any nega-
tive impact on cytolysis when added during the
effector phase. This is consistent with the hypo-
thesis that TGF-β-dependent signaling ‘conditions’
the CD8 T cells for Treg suppression rather than 
representing the sole suppressor mechanism.40

These experiments also make another impor-
tant point, namely that it is apparently never too
late to interfere with an immune response by
Treg suppression, since the experiments show
that suppression can affect fully differentiated
effector cells. This is good news in the sense that
the obviously effective suppression late during
an immune response can revert rather than pre-
vent unwanted immunity, a concept that may
become extremely useful in the clinic.

Different experiments attempting to reverse
rather than prevent diabetes are fully consistent
with that view: CD4 T cells specific for an islet-
derived antigen of unknown nature could be
activated in vitro and retrovirally transduced
with Foxp3 such that within 24 hours they
assumed a phenotype of Tregs. When 105 of such
converted cells were injected into NOD mice
that had become just diabetic because of begin-
ning destruction of their islet cells, these islet-
specific Tregs cured the mice of diabetes and
they remained diabetes-free for at least 3 months
when the experiment was terminated. Again this
experiment suggests that Tregs can silence
already fully developed effector cells.20

Additional controls make important points
with regard to the role of Treg antigen receptors
in this process and hence the specificity of
immunosuppression: while the injection of 105

cells with islet-antigen specificity was sufficient
to abolish disease, the injection of even 106 Tregs
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with specificity for a large variety of different
antigens or the injection of Tregs with specificity
for an antigen not present in the pancreatic
lymph node did not have any effect and the ani-
mals died several days later from complete
destruction of β cells and resulting diabetes that
obviously at this point could no longer be
reversed by Tregs.20 These results and similar
results by others employing in vitro expanded
Tregs21,22 are very encouraging, since they 
suggest that by adoptive Treg therapy early-
diagnosed diabetes may be cured, in spite of the
fact that the generation of sufficient numbers of
islet-antigen-specific Tregs still represents a
staggering logistic problem.

Thus in spite of our ignorance concerning
molecular mechanisms of Treg-mediated sup-
pression (even though a variety has been pro-
posed)25 we have promising evidence from
murine models of disease that Tregs have the
capacity to interfere with unwanted immunity
early and/or late during the immune response
in an antigen-specific way, since they interfere
with such immunity in a local milieu only while
leaving the rest of the immune system intact.

There is also no compelling reason why the
findings made in the somewhat popular models
of type 1 diabetes should not be extended to
other autoimmune diseases such as rheumatic
diseases, provided that there are clues about rel-
evant antigens that are presented in local lym-
phoid tissue.

CONCLUDING REMARKS

The described properties of Tregs, i.e. the possi-
bility of generating them extrathymically in vivo
or in vitro with any desired antigen specificity,
their ability to co-home with T effector cells into
antigen-draining lymph nodes and/or sites of
inflammation, their potential to suppress effector
cells at early and late stages of differentiation,
and last but not least the ability to suppress
neighboring T effector cells of any antigenic
specificity, make these cells an ideal tool with
which to intervene in unwanted immunity in an
antigen-specific way. Thus one would hope that
eventually the exploitation of evolutionarily
selected mechanisms to deal with unwanted
immune responses against self will replace

indiscriminate immunosuppression by drugs
with potentially deadly side effects. This is not to
say that such drugs may be completely useless:
their transient application may help to set the
immune system to a stage where Tregs can be
more effective in dealing specifically with
unwanted immunity. What should be avoided,
however, is the long-term indiscriminate use of
the drugs that eventually will ruin the protection
against infections and malignant disease
afforded by the immune system. 

ACKNOWLEDGMENT

This work was supported by NIH grant
R37A1053102

REFERENCES

1. von Boehmer H, Kisielow P. Negative selection of the 
T-cell repertoire: where and when does it occur?
Immunol Rev 2006; 209: 284–9.

2. Rocha B, von Boehmer H. Peripheral selection of the 
T cell repertoire. Science 1991; 251: 1225–8.

3. Sakaguchi S, Ono M, Setoguchi R et al. Foxp3CD25CD4
natural regulatory T cells in dominant self-tolerance
and autoimmune disease. Immunol Rev 2006; 212: 8–27.

4. von Boehmer H, Aifantis I, Gounari F et al. Thymic
selection revisited: how essential is it? Immunol Rev
2003; 191: 62–78.

5. Khattri R, Cox T, Yasayko SA, Ramsdell F. An essential
role for Scurfin in CD4+CD25+ T regulatory cells. Nat
Immunol 2003; 4: 337–42.

6. Jaeckel E, Lipes MA, von Boehmer H. Recessive toler-
ance to preproinsulin 2 reduces but does not abolish
type 1 diabetes. Nat Immunol 2004; 5: 1028–35.

7. Nakayama M, Abiru N, Moriyama H et al. Prime role
for an insulin epitope in the development of type 1 
diabetes in NOD mice. Nature 2005; 435: 220–3.

8. Itoh M, Takahashi T, Sakaguchi N et al. Thymus and
autoimmunity: production of CD25+CD4+ naturally
anergic and suppressive T cells as a key function of the
thymus in maintaining immunologic self-tolerance. 
J Immunol 1999; 162: 5317–26.

9. Bruder D, Probst-Kepper M, Westendorf AM et al.
Neuropilin-1: a surface marker of regulatory T cells. 
Eur J Immunol 2004; 34: 623–30.

10. Huehn J, Siegmund K, Lehmann JC et al.
Developmental stage, phenotype, and migration distin-
guish naive- and effector/memory-like CD4+ regula-
tory T cells. J Exp Med 2004; 199: 303–13.

11. Hansen W, Loser K, Westendorf AM et al. G protein-
coupled receptor 83 overexpression in naive

28 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch03  8/9/07  3:12 PM  Page 28



CD4+CD25- T cells leads to the induction of Foxp3+
regulatory T cells in vivo. J Immunol 2006; 177: 209–15.

12. Stephens GL, McHugh RS, Whitters MJ et al.
Engagement of glucocorticoid-induced TNFR family-
related receptor on effector T cells by its ligand mediates
resistance to suppression by CD4+CD25+ T cells. 
J Immunol 2004; 173: 5008–20.

13. Bachmann MF, Kohler G, Ecabert B, Mak TW, Kopf M.
Cutting edge: lymphoproliferative disease in the
absence of CTLA-4 is not T cell autonomous. J Immunol
1999; 163: 1128–31.

14. Liu W, Putnam AL, Xu-Yu Z et al. CD127 expression
inversely correlates with FoxP3 and suppressive function
of human CD4+ T reg cells. J Exp Med 2006; 203:
1701–11.

15. Kretschmer K, Apostolou I, Hawiger D et al. Inducing
and expanding regulatory T cell populations by foreign
antigen. Nat Immunol 2005; 6: 1219–27.

16. Fontenot JD, Rasmussen JP, Williams LM et al.
Regulatory T cell lineage specification by the forkhead
transcription factor foxp3. Immunity 2005; 22: 329–41.

17. Wan YY, Flavell RA. Identifying Foxp3-expressing sup-
pressor T cells with a bicistronic reporter. Proc Natl
Acad Sci U S A 2005; 102: 5126–31.

18. Hori S, Nomura T, Sakaguchi S. Control of regulatory 
T cell development by the transcription factor Foxp3.
Science 2003; 299: 1057–61.

19. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs
the development and function of CD4+CD25+ regula-
tory T cells. Nat Immunol 2003; 4: 330–6.

20. Jaeckel E, von Boehmer H, Manns MP. Antigen-specific
FoxP3-transduced T-cells can control established type 1
diabetes. Diabetes 2005; 54: 306–10.

21. Tang Q, Henriksen KJ, Bi M et al. In vitro-expanded
antigen-specific regulatory T cells suppress autoim-
mune diabetes. J Exp Med 2004; 199: 1455–65.

22. Tarbell KV, Yamazaki S, Olson K, Toy P, Steinman RM.
CD25+ CD4+ T cells, expanded with dendritic cells pre-
senting a single autoantigenic peptide, suppress
autoimmune diabetes. J Exp Med 2004; 199: 1467–77.

23. Wu Y, Borde M, Heissmeyer V et al. FOXP3 controls
regulatory T cell function through cooperation with
NFAT. Cell 2006; 126: 375–87.

24. Bottini N, Vang T, Cucca F, Mustelin T. Role of PTPN22
in type 1 diabetes and other autoimmune diseases.
Semin Immunol 2006; 18: 207–13.

25. von Boehmer H. Mechanisms of suppression by 
suppressor T cells. Nat Immunol 2005; 6: 338–44.

26. von Boehmer H. Selection of the T-cell repertoire: 
receptor-controlled checkpoints in T-cell development.
Adv Immunol 2004; 84: 201–38.

27. Jordan MS, Boesteanu A, Reed AJ et al. Thymic selec-
tion of CD4+CD25+ regulatory T cells induced by an
agonist self-peptide. Nat Immunol 2001; 2: 301–6.

28. Apostolou I, Sarukhan A, Klein L, von Boehmer H.
Origin of regulatory T cells with known specificity for
antigen. Nat Immunol 2002; 3: 756–63.

29. Hsieh CS, Liang Y, Tyznik AJ et al. Recognition of the
peripheral self by naturally arising CD25+ CD4+ T cell
receptors. Immunity 2004; 21: 267–77.

30. Derbinski J, Schulte A, Kyewski B, Klein L. Promiscuous
gene expression in medullary thymic epithelial cells 
mirrors the peripheral self. Nat Immunol 2001; 2: 1032–9.

31. Vafiadis P, Bennett ST, Todd JA et al. Insulin expression
in human thymus is modulated by INS VNTR alleles at
the IDDM2 locus. Nat Genet 1997; 15: 289–92.

32. Anderson MS, Venanzi ES, Klein L et al. Projection of
an immunological self shadow within the thymus by
the aire protein. Science 2002; 298: 1395–401.

33. Liston A, Gray DH, Lesage S et al. Gene dosage – limiting
role of Aire in thymic expression, clonal deletion, and
organ-specific autoimmunity. J Exp Med 2004; 200:
1015–26.

34. Anderson MS, Venanzi ES, Chen Z et al. The cellular
mechanism of Aire control of T cell tolerance. Immunity
2005; 23: 227–39.

35. Tai X, Cowan M, Feigenbaum L, Singer A. CD28 
costimulation of developing thymocytes induces Foxp3
expression and regulatory T cell differentiation inde-
pendently of interleukin 2. Nat Immunol 2005; 6:
152–62.

36. Klein L, Khazaie K, von Boehmer H. In vivo dynamics
of antigen-specific regulatory T cells not predicted from
behavior in vitro. Proc Natl Acad Sci U S A 2003; 100:
8886–91.

37. Hao Y, Legrand N, Freitas AA. The clone size of periph-
eral CD8 T cells is regulated by TCR promiscuity. J Exp
Med 2006; 203: 1643–9.

38. Kretschmer K, Apostolou I, Jaeckel E, Khazaie K, von
Boehmer H. Making regulatory T cells with defined
antigen specificity: role in autoimmunity and cancer.
Immunol Rev 2006; 212: 163–9.

39. Apostolou I, Von Boehmer H. In vivo instruction of
suppressor commitment in naive T cells. J Exp Med
2004; 199: 1401–8.

40. Mempel TR, Pittet MJ, Khazaie K et al. Regulatory 
T cells reversibly suppress cytotoxic T cell function
independent of effector differentiation. Immunity 2006;
25: 129–41.

41. Fisson S, Darrasse-Jeze G, Litvinova E et al. Continuous
activation of autoreactive CD4+ CD25+ regulatory 
T cells in the steady state. J Exp Med 2003; 198: 737–46.

42. Lin W, Truong N, Grossman WJ et al. Allergic dysregu-
lation and hyperimmunoglobulinemia E in Foxp3
mutant mice. J Allergy Clin Immunol 2005; 116: 1106–15.

43. Marson A, Kretschmer K, Frompton GM, et al. Foxp3
occupancy and regulation of key target genes during 
T-cell stimulation. Nature 2007; 445: 931–5.

REGULATORY T CELLS 29

9781841844848-Ch03  8/9/07  3:12 PM  Page 29



9781841844848-Ch03  8/9/07  3:12 PM  Page 30



4

B-cell antigen receptor signaling and
autoimmunity
Esra Nutku-Bilir, Aimee E Pugh-Bernard, Stephen Gauld, Kevin Merrell and John C Cambier

Introduction • BCR signaling pathway • Anergy as a mechanism for silencing self-reactive B cells: differential
B-cell signaling • References

INTRODUCTION

A number of illnesses affecting joints or muscles
are associated with antibodies to ‘self’ molecules
and are classified as autoimmune rheumatic 
diseases. They include rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), anti-
phospholipid syndrome, polymyalgia rheumat-
ica, systemic sclerosis, Sjögren’s syndrome,
polymyositis and dermatomyositis, myasthenia
gravis, and a spectrum of related syndromes.
Altered development and function of B cells
may play a prominent role in the development
and progression of autoimmune rheumatic dis-
orders, with RA and SLE being the classic and
most widely studied.

Loss of self-tolerance leading to production of
self-reactive antibodies is integral to the devel-
opment and progression of RA and SLE. By
largely stochastic processes, immunoglobulin
(Ig) gene arrangement gives rise to B cells with
an enormous range of antigen specificity.
Although optimally protective, a disadvantage
of such diversity is the potential to generate self-
reactive antibodies. Indeed, B cells contribute to
the pathophysiology of autoimmune rheumatic
diseases in part by production of germ-line
encoded and/or somatically mutated self-reactive
antibodies.1–3 The successful treatment of RA,
SLE, multiple sclerosis, and Sjögren’s syndrome
with anti-CD20 monoclonal antibodies that
eliminate B cells further supports the key role 
of B cells in the development of autoimmune

rheumatic diseases.4–8 In animal models, the
absence of B cells prevents the spontaneous
development of SLE.9 Interestingly, this does not
merely reflect a role for self-reactive antibody
production. SLE-associated T-cell accumulation
in lymphoid organs does not occur in the
absence of B cells, suggesting a role for B cells
apart from secretion of self-reactive antibodies
in the development of SLE. These findings and
those of several other studies suggest that B cells
may also be involved in presentation of self-
antigen to T cells, or some novel form of regula-
tion of T-cell activation and recruitment.10,11

The critical role of B cells in rheumatological
diseases has become increasingly evident as a
consequence of insights gained from studies of
B-cell antigen receptor (BCR) signaling pathways.
The BCR plays a key role in B-cell development
and function, and has a central role in regulation
of self-tolerance. To ensure self-tolerance, self-
reactive B cells are efficiently silenced by one of
three distinct mechanisms: receptor editing,
clonal deletion, or anergy.12 Studies suggest that
a key determinant of the mode of silencing is the
strength of BCR signaling and developmental
stage.13 Antigen avidity, i.e valency, affinity, 
and concentration, as well as involvement of 
co-receptors and adaptor molecules, play a role
in determining signal quality and strength. 
At extremes, high avidity antigen interactions
with immature B cells lead to receptor editing in
an anthropomorphic effort to eliminate autoanti-
gen binding activity. Failing this, these cells are
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eliminated by apoptotic death, referred to as
clonal deletion. Lower avidity interactions with
self, particularly in the periphery, lead to anergy
wherein cells remain viable for some time and
bind antigen yet are unresponsive to immuno-
genic stimulation.

In this chapter, we have incorporated the most
recent and salient findings regarding BCR signal-
ing, its role in the maintenance of self-tolerance

and its impact on the development and progres-
sion of autoimmune rheumatic diseases, particu-
larly focusing on SLE and RA. We discuss the
primary signaling pathways emanating from the
BCRs and their downstream effectors (Figure 4.1).
Our review is divided into sections addressing
(i) signal initiation, (ii) signal propagation and
integration focusing on the role of inositol lipids,
and (iii) signal modulation with an emphasis on

32 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

Figure 4.1 BCR signaling cascade: interactions with an inhibitory co-receptor, FcγRIIB. Signal transduction initiates at the cell

membrane following ligand-induced aggregation of the membrane immunoglobulin (mIg) and associated Igα/β. Signals are prop-

agated by means of protein phosphorylation, modification, and integration. BCR signaling strength is modulated by activatory

and inhibitory co-receptors and their effectors. Finally, activation of transcription factors and gene expression determines B-cell

fate. For example, BCR-FcγRIIB co-aggregation leads to inhibition of certain BCR-coupled signaling pathways, terminating cell pro-

liferation, survival and antibody production. Down-regulation of PIP3 levels by FcγRIIB-recruited SHIP is most probably the mech-

anism underlying the reported inhibition of BCR-mediated activation of Akt, Btk, and PLCγ2, and consequently, the calcium

mobilization response. An alternative mechanism of FcγRIIB-SHIP-mediated inhibition involves RasGAP. BCR-FcγRIIB co-aggrega-

tion on B cells leads to association of SHIP with the RasGAP-binding protein Dok. Co-aggregation of this complex results in com-

plete inhibition of BCR-induced Erk activation. Please refer to the text for the definitions of abbreviations.
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the role of inhibitory receptors and their effec-
tors in prevention of autoimmunity. Our discus-
sion is further refined as we discuss anergy as a
mechanism for silencing self-reactive B cells.

BCR SIGNALING PATHWAY

Signal initiation

The B-cell antigen receptor or BCR is a multipro-
tein structure that is composed of membrane Ig,
which serves as the antigen binding subunit, and
a non-covalent associated heterodimer composed
of Ig-α (CD79a) and Ig-β (CD79b). This complex
serves as the signaling subunit. The Ig-α and 
Ig-β signaling proteins are disulfide-linked 
heterodimers that contain an immunoreceptor 
tyrosine-based activation motif (ITAM) within
each cytoplasmic tail.14,15 The ITAM is a conserved
18 amino acid motif containing six conserved
residues including two tyrosines. The N-terminal
of ITAM tyrosine in Ig-α, YEGL, is most strongly
phosphorylated upon receptor aggregation and
binds to the src family protein tyrosine kinases
(PTKs) (i.e. Lyn, Fyn, Blk, Lck).16,17 BCR aggrega-
tion results in the phosphorylation of one or more
ITAM tyrosines within the Ig-α and Ig-β cytoplas-
mic tails and this initiates downstream signaling
events. Ig-α and Ig-β ITAMs are not equivalent in
their contribution to BCR signaling. Several pro-
teins have been shown to associate differentially
with Ig-α and Ig-β, which suggests that they may
activate distinct downstream pathways.18 Both
Ig-α and Ig-β are essential for BCR chaperone
functions, transporting BCRs to the cell surface.19

Ig-α plays a prominent role in activating PTKs,
contains a BLNK docking site, and apparently
also contains a negative signaling function.20–23

Thus, Ig-α and Ig-β are only partially redundant
in function and have distinct biological activities.

BCR aggregation activates downstream sig-
naling pathways through the src family PTKs
and SYK. Following receptor aggregation, initial
ITAM phosphorylation of Ig-α/β primarily
occurs asymmetrically, with most phosphoryla-
tion occurring on the N-terminal or membrane
proximal ITAM tyrosines.23 This phosphoryla-
tion is mediated by src family PTKs.17 In part by
virtue of their lipid acylation src family PTKs
interact with the non-phosphorylated ITAMs of

the resting BCR.18,24 Maximal receptor signaling
requires the binding of phosphorylated ITAMs
to src family kinase SH2 domains, which ampli-
fies ITAM phosphorylation and the subsequent
recruitment and activation of downstream
cytosolic tyrosine kinases, such as Syk. Association
of BCRs with src family PTKs may further be
enhanced by the propensity of ligand aggregated
molecules, but not monomeric BCRs, to partition
into glycosphingolipid-rich microdomains or
lipid rafts of the plasma membrane that have
been shown to contain increased concentrations
of PTKs.25 Binding and activation of Syk requires
recognition of two ITAM phosphotyrosines via
its tandem domains.26,27 The spacing of ITAM
phosphotyrosines by ~12 residues is critical for
binding Syk’s SH2 domains, which are in fixed
orientation to one another. Syk activation, and
thus Ig-α or Ig-β biphosphorylation, is critical
for all downstream signaling.

The ordered dual phosphorylation of ITAMs
and activation of Lyn, Syk, and Bruton’s tyrosine
kinase (Btk, a Tec family PTK) are essential for
proper initiation of BCR signal transduction.
Deficiencies in any of these result in defective
and aberrant B-cell development and func-
tion.28–32 The protein tyrosine kinase Lyn is
believed to be primarily responsible for phos-
phorylating Ig-α/β ITAM tyrosines. Lyn plays a
unique role in BCR signaling as it activates both
positive and negative signaling circuitry.33

While the positive role of Lyn is redundant, as
demonstrated by normal B-cell development in
the bone marrow of Lyn-deficient mice.34 its
inhibitory role in BCR signaling is not. Lyn’s
inhibitory signaling function depends on its abil-
ity to phosphorylate receptors such as FcγRIIB,
PIR-B, LMIR, and CD22, as well as the adaptors
such as Dok. These inhibitory co-receptors con-
tain immunoreceptor tyrosine-based inhibitory
motifs (ITIMs) that recruit phosphatases, such as
src homology 2 (SH2) domain-containing inositol
5’-phosphatase (SHIP)-1 and SH2 domain-
containing tyrosine phosphatase (SHP)-1.35–37

Recruited phosphatases suppress BCR signaling
by dephosphorylating and deactivating signal
transducers.

The outcome of BCR signaling is determined
by the balance between kinase and phosphatase
activity. Thus, Lyn plays a central role in the
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equilibrium between activation and inhibition of
B-cell signaling pathways, determining, at
extremes, B-cell tolerance versus autoimmunity.
This latter hypothesis is further supported by
studies in which mice overexpressing or deficient
in Lyn demonstrated breakdown of self-tolerance,
and developed circulating autoantibodies, and
lupus-like nephritis.38–40

The recruitment and activation of Syk is
essential to couple the BCR to downstream sig-
naling events.41 Studies in Syk-deficient B cells
showed a profound defect in BCR-mediated
activation of downstream signaling pathways
while src family PTK activation and Ig-α/β
phosphorylation remained intact. Singly phos-
phorylated ITAMs, or chimeric Ig-α or Ig-β in
which one of the tyrosines is absent, do not bind
and consequently fail to activate Syk kinase.26

Thus recruitment of Syk to doubly phosphory-
lated Ig-α and/or Ig-β ITAMs results in activa-
tion of the kinase and initiation of multiple
distinct downstream signaling pathways.42 For
example, the activation and recruitment of Lyn
and Syk to the BCR complex both precede and
influence the activity of Btk, a cytoplasmic tyro-
sine kinase that is required for the sustained 
calcium influx that follows B-cell activation.43

Loss of function mutations in Btk affects B-cell
development and B-cell activation in response to
antigen.44 In humans this type of mutation
results in the disease X-linked agammaglobu-
linemia (XLA).45,46 This disorder is characterized
by the absence of mature B cells in the periphery
and a serious deficiency of serum antibodies.45

In mice, Btk inactivation results in a disorder
called X-linked immunodeficiency (xid).47,48

Studies using xid mice suggest that disrupting
the kinase function of Btk could result in desen-
sitization of B-cell signaling and possibly pro-
vide a therapeutic effect in autoimmune
disorders, including RA.49 However, several
lines of recent evidence challenge the positive
role of Btk in regulation of BCR signaling and
suggest that Btk may be required for tolerance.
Patients with XLA had increased numbers of
self-reactive B cells in the periphery and failed to
establish proper B-cell tolerance.50 Btk-deficient
B cells obtained from these patients display
unusual Ig light chain repertoires showing
impaired secondary recombination regulation,

which indicates that receptor editing, one of the
mechanisms that normally ensures B-cell toler-
ance, may be defective. Interestingly, in a recent
study conducted by the same group, similar self-
reactive B cells were detected in RA patients,
suggesting that Btk may be essential for regula-
tion of B-cell tolerance in humans.51 It is not clear
from this study whether occurrence of self-reactive
B cells from RA patients was associated with
defects in Btk, or other B-cell intrinsic defects, 
or whether the association between B-cell 
self-reactivity and Btk deficiency observed in
XLA patients was just an outcome of genetic 
co-segregation with unknown mechanisms.
These findings, however, suggest that Btk defi-
ciency may allow the release of self-reactive 
B cells into the periphery. Studies are ongoing in
an effort to delineate the role of Btk as a thera-
peutic target for treatment of B-cell-mediated
diseases.52

The propagation of downstream BCR signals
requires that a number of effector molecules
become activated via tyrosine phosphorylation
after the proximal signaling molecules (i.e. Lyn,
Syk, Btk) are activated. A second mechanism by
which Syk couples the BCR to downstream
signal transduction molecules is by its interac-
tion with and subsequent phosphorylation of the
adaptor molecule B-cell linker protein (BLNK,
also known as SLP-65 or BASH). BLNK acts as a
platform for effector molecule assembly and
transduces initial BCR-proximal events into sev-
eral divergent signaling pathways (Figure 4.1).53–56

Particularly important events are the recruit-
ment and activation of PLCγ2, and elevation in
intracellular calcium ([Ca2+]i).

The adaptor molecule BLNK is essential for
PLCγ2 recruitment from the cytosol to the
plasma membrane and for coupling BCR aggre-
gation to calcium influx.53,56,57 Syk rapidly phos-
phorylates BLNK following BCR aggregation
and provides a primary docking site for the SH2
domain of PLCγ2, as well as other effector and
adaptor molecules involved in BCR signal-
ing.53–55 For example, phospho-BLNK has been
shown to associate with the SH2 domain of Btk,
which is significant since dual phosphorylation
of PLCγ2 by Syk and Btk is required for optimal
activation of PLCγ2. In the absence of BLNK, B cells
fail to recruit PLCγ2 to the plasma membrane
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and have severely impaired distal BCR signaling.54

Furthermore, the guanine exchange factor, Vav,
and adaptor complex of Grb2/SOS also associ-
ate with phosphorylated BLNK and can activate
Rac and Ras. BLNK recruits other adaptors, such
as Nck, which associates with cytoskeletal ele-
ments and has been proposed to connect BCR
signaling to morphological reorganization and
cellular migration.58,59 BLNK−/− mice exhibit
attenuated but not abolished BCR-mediated 
calcium mobilization, suggesting that partially
redundant mechanisms must exist for BCR-
mediated PLCγ2 activation.60 A potential candi-
date mediator of this function is cytosolic
adaptor Bam32, which contains single pleckstrin
homology (PH) and SH2 domains, the latter
shown to associate with PLCγ2.61 Ablation of
Bam32 in B cells results in a decreased BCR-
mediated calcium influx and proliferation.62,63

These findings suggest that alternative and often
redundant pathways are activated following
BCR ligation.

Signal propagation and integration: 
role of inositol lipids

BCR signal transduction involves a complex net-
work of interactions. For example, BCR-mediated
activation of calcium mobilization does not
depend solely on the linear activation of Lyn,
Syk, Btk, BLNK, and PLCγ2. Inner leaflet mem-
brane phospholipids are of paramount impor-
tance to B-cell signaling. Ligation of the BCR
leads to the activation of PI-3K, which phospho-
rylates plasma membrane phosphatidylinositol
4,5-biphosphate [PI(4,5)P2] yielding phos-
phatidylinositol 3,4,5-triphosphate [PI(3,4,5)P3].
PI(3,4,5)P3 is critical to retain multiple PH 
domain-containing cytosolic proteins at the
membrane and also to co-localize PH domain
containing proteins that may function in 
same signaling pathway, e.g. Akt (PKB) and
phosphoinositide-dependent kinase-1 (PDK-1).64,65

Although the activation/recruitment of Lyn 
and Syk to the BCR complex both precedes and
influences the activity of Btk, PI(3,4,5)P3 produc-
tion is a rate-limiting step in Btk function.
PI(3,4,5)P3 production is critical for the translo-
cation and activation of Btk, and the subse-
quent Btk-mediated phosphorylation of PLCγ2.

Moreover, the subcellular localization and activ-
ity of Btk are regulated by PH domain binding.
In mice with X-linked immunodeficiency (Xid)
there is a point mutation in the PH domain of Btk
which prohibits recruitment to PI(3,4,5)P3 and
results in defective BCR signaling and impaired
B-cell maturation and responsiveness.47,66

PI-3K-dependent activation of PLCγ2 causes
the mobilization of calcium from both intracellu-
lar and extracellular stores through cleavage of
the ubiquitous plasma membrane lipid phospho-
inositide PI(4,5)P2 into the second messengers
I(1,4,5)P3 and DAG. Pharmacological inhibitors
of PI-3K completely abolish BCR-mediated cal-
cium mobilization.67–69 B cells deficient in effec-
tors involved in PI-3K recruitment, such as CD19,
exhibit diminished PI(3,4,5)P3 production,
PLCγ2 activation, and calcium mobilization.69–73

Elevated [Ca2+]i levels are required for the
activation of certain transcription factors that are
necessary for B-cell activation and survival, such
as NF-κB and NF-AT.74–78 DAG activates con-
ventional protein kinase C (PKC) isoforms that
regulate the MAPK family (i.e. ERKs, JNKs,
SAPKs, p38).79,80 Following activation of these
kinases, different sets of transcription factors are
phosphorylated, e.g. Elk-1 and c-Myc by Erk, 
c-Jun and ATF-2 by JNK, and ATF-2 and MAX
by p38 MAPK (Figure 4.1). It is the profile of
these activated transcription factors that deter-
mines B-cell fate.

Signal modulation: role of ITIM-containing
proteins and their effectors in prevention of
autoimmunity

The strength of the BCR signal is determined in
part by co-receptors and accessory molecules
that either augment or attenuate the potency of
the signal. The temporal and spatial regulation
of these processes ultimately defines signal qual-
ity and quantity.

It is important to note that several studies
have demonstrated genetic alterations in BCR
co-receptors in patients with autoimmune dis-
eases. For example, in SLE, polymorphisms were
identified in the genes that encode FcγRIIB,81–84

programmed cell death 1 (PD-1),85 and CD22.86

Similarly, alterations in the levels of CD19.87 func-
tional CD45,88 and SHP-188,89 have been observed
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in patients with B-cell-mediated autoimmune
diseases.

In a simplistic model of BCR signaling, co-
receptors can be classified according to whether
they increase or decrease the threshold for B-cell
activation and survival after co-aggregation.
Those that increase the threshold, dampen the
immune response, while those that decrease the
BCR signaling threshold increase immune
responses. Thus, an increase in BCR signaling
threshold may result in immunodeficiency, while
a decreased BCR threshold may result in autoim-
munity. For example, CD45 and CD19/CD21
co-receptor complex decrease BCR signaling
threshold and act as positive regulators. Negative
regulators include FcγRIIB, CD22, CD72, the
paired immunoglobulin-like receptor (PIR-B),
and the myeloid-associated immunoglobulin-
like receptors (MAIRs or LMIRs), which are char-
acterized by content of ITIM signaling domains.

Most inhibitory receptors recruit SH2 contain-
ing phosphatases and function through one of
two pathways. ITIMs in FcγRIIB, and MAIR
recruit the inositol phosphatase SHIP-1, while
those in CD22, CD72, and PIR-B recruit the 
protein tyrosine phosphatase SHP-1. SHP-1
dephosphorylates proteins in the signalsome
thus dampening signaling and SHIP-1 converts 
PI (3,4,5)P3 to PI(3,4)P2. The inhibitory effects of
SHIP-1 can be more global, modulating signaling
by distantly stimulated PI3 kinase-dependent
receptors, while the inhibitory effect of SHP-1 is
localized to the signalsome in which it is engaged.
The importance of these inhibitory pathways to
autoimmunity is demonstrated by the autoim-
mune diseases seen in SHP-1 deficient (moth
eaten) mice.90 We have observed production of
self-reactive antibodies in SHIP-1-deficient mice
(K Merrell and JC Cambier, unpublished obser-
vations).

A detailed description of co-receptors and cell
surface molecules that modulate the BCR signal
was reviewed in several recent articles.33,91,92

Here we will present an overview of the ITIM-
containing inhibitory co-receptors including:
FcγRIIB, CD22, PIR-B, and MAIRs/LMIRs. We
will also discuss the recent findings regarding
CD45 and autoimmunity.

IgG-containing immune complexes can co-ligate
BCR and the low affinity IgG receptor, FcγRIIB,

leading to inhibition of BCR-induced phos-
phatidylinositol 3,4,5-triphosphate [PI(3,4,5)P3]
accumulation, proliferation, and calcium mobi-
lization.93 Inhibition through FcγRIIB is prima-
rily mediated by its ITIM region, which recruits
SHIP-1.36,94,95 SHIP-1 degrades PIP3 to PI(3,4)P2
and recruits the adaptor molecule downstream
of kinase (DOK), which acts to inhibit other
downstream signaling pathways (i.e. Ras/Erk
activation) (Figure 4.1).96 Thus, co-ligation of
FcγRIIB with BCR provides a mechanism that
may promote deletion of low-affinity self-reactive
B cells during high affinity maturation and 
controls autoantibody production.96 Conversely,
ablation of FcγRIIB renders mice susceptible to
experimental autoimmune diseases upon immu-
nization with autoantigens and they sponta-
neously develop SLE-like syndrome on the
C57BL/6 background.97,98 This spontaneous
autoimmunity is strain-specific, e.g. BALB/c/
FcγRIIB deficient mice do not show any autoim-
munity, suggesting the presence of other genetic
factors that influence disease susceptibility.
These findings may also imply the existence of
other inhibitory mechanisms that play a com-
pensatory role in the regulation of autoimmune
diseases in different strains of mice.98 Indeed, 
a locus in chromosome 1, which contains the
FcγRIIB gene, is associated with autoimmunity
in multiple mouse models (i.e. NZB, BXSB).99,100

Polymorphisms in the transmembrane region of
the FcγRIIB gene were identified in a study done
in 193 Japanese patients and 303 healthy con-
trols, where homozygosity for I232T polymor-
phism was significantly increased in SLE
patients compared with controls.82 FcγRIIB-
I232T polymorphism was associated with
reduced FcγRIIB-mediated inhibition of B-cell
proliferation.83

Recent work by Okazaki et al., reported that
co-deficiency of two inhibitory receptors,
FcγRIIB and PD-1, induced an autoimmune dis-
ease state, hydronephrosis, accompanied by self-
reactive antibody production in BALB/c mice,
which was not observed in either FcγRIIB- or
PD-1-deficient mice.101 PD-1 is a type 1 trans-
membrane protein that belongs to the Ig super-
family and contains cytoplasmic tyrosine
residues within a consensus ITIM. Studies 
have shown that PD-1 provides a signal that
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limits response to antigen by recruiting SHP-2.102

PD-1−/− mice develop lupus-like glomeru-
lonephritis and arthritis on the C57BL/6 back-
ground.103 In humans, gene mapping studies
suggested that there was an association between
7 and 12% of SLE patients and a SNP in PD-1.85

Although the mechanism of FcγRIIB and PD-1
complementarity is not clear, in their study,
Okazaki et al. clearly demonstrated that FcγRIIB
and PD-1 cooperatively regulate autoimmunity
in the mouse, suggesting that some human
autoimmune diseases may also be regulated 
by the combination of dysfunction of human
FcγRIIB and PD-1 genes. These findings may sug-
gest that polymorphisms affecting the strength
and quality of Ig signaling are important in
determining the genetic susceptibility or resist-
ance to autoimmune disease. Predisposition to
human autoimmunity occurs when different
combinations of susceptibility alleles combine to
reach some threshold.

Consistent with these observations, it has
been shown that CD72 polymorphisms, which
are associated with the relative quantity of an
alternative splicing product, and also with the
presence of nephritis among the patients with
SLE, may modify susceptibility to human SLE
through interacting with FcγRIIB.104 CD72 func-
tions as a negative regulator of BCR signaling.105

Interactions were also identified between
FcγRIIB and CD19, where FcγRIIB-mediated
inhibition can be mediated through selective
dephosphorylation of CD19 leading to abrogated
PI-3K recruitment.95

Finally, a recent study by McGaha et al. demon-
strated that the partial restoration of FcγRIIB levels
on B cells in lupus-prone mouse restored tolerance
and prevented autoimmunity.106 The physiologic
consequences of cell-bound IgG and immune com-
plexes are modulated by a balance between acti-
vating (i.e. FcγRIA, FcγRIIA, FcγRIII, and FcγRIV)
and inhibitory Fcγ receptors and include immune
regulatory and inflammatory responses.98,107–109

B cells express FcγRIIB but not other Fc receptors.
Thus, findings from McGaha et al. illustrate an
important role for FcγRIIB in regulation of a
common B-cell check-point, and suggest that rela-
tive changes in its expression can result in either
tolerance or autoimmunity.106 Similar observa-
tions were also made for CD22.87

CD22 is a B-cell-specific inhibitory co-receptor
that belongs to the Ig superfamily, and contains
seven Ig-like domains and three cytoplasmic
ITIMs. CD22 regulates BCR signaling through
recruitment of SHP-1 to its ITIM motifs.110

Activation of SHP-1 regulates the strength of the
BCR-induced calcium signal.111 In this manner,
CD22 is thought to control signaling threshold 
of B cells, preventing overstimulation. CD22−/−

mice show higher BCR-mediated calcium signal-
ing, and their B cells show evidence of basal 
activation, such as expression of activation mark-
ers, and increased sensitivity to apoptosis.112,113

CD22−/− mice may develop high affinity autoanti-
bodies.112 Also, CD22−/− mice show characteristic
changes in B-cell maturation, such as a higher
proportion of mature, follicular cells,114 and a
reduced number of marginal zone B cells in the
spleen,115 thought to be direct consequences of
increased signaling. However, the effect of CD22
deficiency on BCR signaling is sensitive to the
strain of the mice used,116,117 suggesting a role of
other genetic factors in CD22-mediated modula-
tion of BCR signaling.

Recent studies suggested that one of these
regulatory factors for CD22 may be its own
ligand, namely, sialic acid α2-6 linked to galac-
tose (Siaα2-6Gal). Siaα2-6Gal is a glycan that
specifically binds to CD22 in vivo.118,119 The inter-
action of CD22 with its ligand modulates its activ-
ity as a negative regulator of BCR signaling.120

For example, lupus-prone mice, whose B cells
have lower expression of CD22 ligand than
those of wild-type mice, have reduced produc-
tion of autoimmune antiboby.121 Inhibition of
CD22–ligand interactions or the absence of lig-
ands decrease SHP-1 recruitment and increase
calcium influx, enhancing BCR signaling.120,122,123

These studies suggest that CD22 regulates B-cell
function in vivo in a ligand-dependent manner,
with mechanisms still under investigation.124,125

Interestingly, Siaα2-6Gal is typically found on
N-linked glycans of glycoproteins, including
those involved in BCR signaling, such as CD45,
and IgM.126–128 Both IgM and CD45 were shown
to be CD22 binding partners.129 Recently, an open-
label pilot study of anti-CD22 (epratuzumab)
in the treatment of active SLE showed some 
B-cell depletion but no consistent changes in
autoantibody levels.130 The role of CD22 ligands
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in regulation of BCR signaling and utility for ther-
apeutic applications are yet to be determined.

CD45 is a receptor-like protein tyrosine phos-
phatase that establishes the sensitivity of the
BCR to stimulation. Both CD45-deficient mice and
humans develop severe combined immunodefi-
ciency (SCID) with defects in B-cell development
and function. B cells from CD45-deficient mice
are hyporesponsive to BCR stimulation and dis-
play reduced calcium responses, demonstrating
a positive regulatory role for CD45 in BCR 
signaling.131,132 In part, this is accomplished by
maintaining an adequate supply of BCR-associated
src family kinases.133 CD45 can also negatively
regulate signals emanating from BCR. Acting in
opposition to CD45 is Csk, which functions to
phosphorylate the C-terminal inhibitory tyro-
sine of the src family PTKs, keeping them 
in a ‘repressed’ state.134 Whether CD45 posi-
tively and negatively regulates protein kinase
phosphorylation depends upon its subcellular
localization relative to its substrate and the
phosphorylation state of the protein kinases.135

Recent studies showed that introducing a point
mutation into the CD45 juxtamembrane wedge
(CD45 E613R) abolished the inhibitory effect of
CD45.136 The analogous point mutation intro-
duced into the germ-line of mice leads to lym-
phoproliferative disorder and a lupus-like
autoimmune disease and autoantibody produc-
tion.137 CD45 E613R-mediated negative regula-
tion was also suggested by a recent study, where
CD45 E613R B cells were hyperproliferative and
have augmented calcium responses.138 Thus,
CD45-deficient and CD45 E613R mice reflect the
positive and negative regulatory role of CD45 on
B-cell function, with mechanisms still under
investigation.

The paired Ig-like receptors (PIRs) and the
myeloid-associated immunoglobulin-like recep-
tors (MAIRs or LMIRs) are transmembrane gly-
coproteins that play a role in BCR regulation.
They exist in activating and inhibitory isoforms
and are often expressed in pair-like fashion 
on the same cell.139,140 The expression of the
inhibitory isoform, PIR-B, can have an attenuat-
ing effect on BCR signaling, while the activating
form, PIR-A, appears to function independently
of the BCR.141,142 PIR-B contains multiple ITIMs,
which are constitutively phosphorylated and

associated with SHP-1 in B cells.143,144 The
inhibitory form of MAIR, MAIR-I, contains ITIM
sequences in its cytoplasmic tail that can recruit
SH2-domain containing inhibitory effectors, like
SHIP, although much more needs to be worked
out regarding MAIR signaling and regulation of
the BCR signal.145

ANERGY AS A MECHANISM FOR SILENCING
SELF-REACTIVE B CELLS: DIFFERENTIAL 
B-CELL SIGNALING

It was recently estimated that 50–75% of newly
produced B cells are self-reactive and must be
silenced by tolerance mechanisms.13,146 Evidence
of receptor editing is seen in ~25% of peripheral
B cells,147 and 10% of B cells appear to be silenced
by deletion.148 The remaining self-reactive cells
are presumably silenced by other mechanisms,
e.g. deletion or anergy. It is also clear that self-
reactive B cells develop by somatic mutation
during the germinal center response. These are
likely silenced by anergy or clonal deletion.

Anergy is a reversible state of unresponsive-
ness determined by the binding of cognate 
self-antigen.149 It is the consequence of reception
of signal one (antigen) without signal two 
(cognate T-cell help, Toll-like receptor agonists).
Thus, anergy can be prevented by provision of
T-cell help immediately following exposure to
antigen.150,151 The reversibility of anergy sug-
gests that continuous presence of the antigen in
the microenvironment is essential to maintain
unresponsiveness. Based on the assumption that
some self-antigens are tissue-specific, it is reason-
able to suggest that loss of anergy in vivo could
result from the lodging of self-reactive B cells to
anatomical sites free of self-antigen. Such a situ-
ation could lead to restoration of responsiveness
and activation by cross-reactive immunogens,
leading to autoimmunity. Understanding molec-
ular mechanisms involved in anergy may provide
insights to target autoimmune diseases.

Anergic B cells provide a particularly interest-
ing example of differential BCR signaling leading
to altered physiologic responses. Anergic cells
persist in the periphery without deletion and
receptor editing. Instead, they become refractory
to further BCR stimulation.152 This refractoriness
is multifactorial, which begins with a decrease in
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the strength of association between mIgM and
Ig-α/β.153 This may result in decreased Ig-α/β,
and Syk phosphorylation upon BCR aggrega-
tion.152,154 Anergic cells also exhibit chronic low
level increases in intracellular free calcium but
are unable to further elevate intracellular cal-
cium upon BCR aggregation.155 Normally, stim-
ulation of B cells leads to the calcium-dependent
activation of NF-AT and NF-κB, both necessary
for B-cell activation and survival.74–76 However,
in anergic cells, altered calcium levels result in
constitutive NF-AT activation but impaired 
NF-κB activation.77,156 Alteration in transcription
factor activation in anergic cells may cause their
shortened lifespan.
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INTRODUCTION

Rheumatoid arthritis (RA) is characterized by
chronic inflammation in multiple joints and con-
comitant destruction of cartilage and bone.
Macrophages play a crucial role in both the
inflammatory process and tissue destruction.1–3

Macrophages become activated by the RA
process in the synovial tissue, either directly
through stimulation with bacterial or viral trig-
gers, or indirectly through T- and B-cell-mediated
events. The latter responses can be directed to
joint-specific autoantigens, but may also include
reactions to persistent viral and bacterial elements.
Although RA has been considered an autoim-
mune process, a crucial autoantigen has not
been defined and it seems more likely that mul-
tiple candidate triggers are involved. This argues
for general therapeutic approaches at a down-
stream level, making activated macrophages an
obvious target.

RA is a systemic disease, with its main expres-
sion in body compartments that are surrounded
by a synovial lining layer, containing large
amounts of macrophages. Such compartments
include diarthrodial joints and precipitation of
the RA process in such areas underlines the cru-
cial role of tissue macrophages in disease onset.
During active arthritis monocytes infiltrate from
the blood into the synovium, differentiate into
mature macrophages, and form the dominant
cell type in the inflamed synovium. However,
synovial lining macrophages remain a crucial

source of inflammatory mediators and con-
tribute significantly to local cytokine and
chemokine production. Of great interest, RA
synovial macrophages appear to express
deranged levels of Fcγ receptors, and proof is
accumulating that an aberrant reaction of
macrophages to immune complexes, leading to
prolonged activation, contributes to increased
and prolonged release of proinflammatory and
cartilage destructive cytokines. Therapeutic
approaches targeting the macrophage itself or its
dominant proinflammatory mediators have
already been shown to be efficient in the treat-
ment of RA. Inhibition of the macrophage-
derived master cytokines tumor necrosis factor
(TNF)-α and interleukin (IL)-1 created a major
breakthrough in the treatment of this crippling
disease. Insight into mechanisms of macrophage
activation and mediators involved in that
process may provide novel targets for further
optimization of therapy.

RESIDENT INTIMA MACROPHAGES 
IN RHEUMATOID ARTHRITIS

The inside of diarthrodial joints, the preferential
site for development of RA, is lined by a layer of
cells, usually one to three cells in thickness, which
is called the intima. This layer contains two types of
cells, the fibroblast-like type B cell and the
macrophage-like type A cell, which interdigitate
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using cytoplasmic processes.4 These cells are 
enclosed within a matrix, probably produced by the
lining cell itself, containing collagen type IV, form-
ing a covalently stabilized polygonal framework
and a second interlocking polymer network of
laminin. Immunohistologic investigations have
shown that three of the four constituents forming a
basement membrane (collagen type IV, heparan
sulfate, proteoglycan, and laminin) are present but
that entactin, a sulfated glycoprotein that connects
laminin and type IV collagen, is absent. The intima
lining sits on compact loose connective tissue bear-
ing a vascular plexus that gives a close contact with
the blood vessels. The origin of the type A cell is
probably a monocyte, as shown in elegant studies
using mice with the Chediak Higashi syndrome.
Monocytes of these mice that contain crystals were
transferred to control mice and kinetic studies
showed accumulation of crystal-containing type A
cells in the lining layer.5 These cells are constantly
replaced via the circulation, although the turnover
is slow. After selective removal of type A cells in the
intima of mice, it takes more than 30 days before the
lining cell layer returns to normal levels.6

As a first sign of onset of arthritis, intima cells
become activated. Intima cells form a strategic bar-
rier within the joint. Substances leaking from the

joint, bacterial infections, or immune complexes
formed within the synovial fluid first meet this
layer and the abundance of receptors expressed by
type A cells leads to phagocytosis and activation of
these cells. Moreover, this layer lies just above the
vascular plexus in the synovium, which also
makes these cells very accessible for substances
arriving via the bloodstream. Immunolocalization
studies have shown that phagocytic intima cells
express many proinflammatory factors like
cytokines IL-1α, TNF-α, IL-6, IL-15, IL-18, IL-32,7,8

and chemokines like IL-8 or MCP-1, but also
growth factors like GM-CSF and TGF-β.9 As type
A cells produce various chemokines, these cells are
involved in attraction of inflammatory cells during
the onset of arthritis and probably also in arresting
of inflammatory cells within the synovium during
the chronic phase.

DIFFERENTIATION AND FUNCTION OF
MACROPHAGES IN RA SYNOVIUM

Activation of the lining layer directs the influx of
inflammatory cells, such as polymorphonuclear
leukocytes (PMNs), lymphocytes (T and B cells),
and large amounts of monocytes (Figure 5.1).

46 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

Figure 5.1 Synovial lining layer in knee joints of normal (A) and arthritic (B) mice. JS, joint space; Ex, exudate; Infl, infiltrate.

Original magnification ×400. Hematoxylin/eosin staining.

A B
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During RA, a number of alterations in the syn-
ovial membrane are observed. Synovial lining
cells increase many-fold. Type A macrophages
still form the predominant population in the
hypertrophied intima, approaching 50–70% of
cells.4 Superimposed on this is a highly vascular
subintima filled with mononuclear cells, 
including T and B cells and large numbers of
macrophages, often forming aggregates around
the blood vessels. Most of the macrophages are
thought to stem from monocytes which have
infiltrated into the joint, where they diffentiate
into macrophages.10 A small proportion may be
derived from locally dividing mononuclear
phagocytes. Chemokine receptor expression is
different on RA monocytes in peripheral blood
and synovial fluid (significantly higher CCR3, 4,
and 5 levels in synovial fluid). CCR1 and 
CCR2 seem to be crucial for monocyte recruit-
ment. CCR3 and CCR5 may play a role in mono-
cyte/macrophage tissue migration or retention.
Therapeutic application of chemokine inhibitors
seems hampered by redundancy.11 In vivo, gen-
eration of monocytes is controlled by various
growth factors including IL-3, GM-CSF, and M-
CSF. These factors are abundantly present in the
RA joint, and are potent stimulators of CD34+

stem cells, which have been found to infiltrate
the joints. As such, local production and matura-
tion may contribute to the total macrophage 
cell mass.

Monocyte differentiation into macrophages in
the RA synovium is highly versatile. Many dif-
ferentiation stadia are found, reflecting various
subpopulations of cells that are probably
involved in different aspects of immune and
effector mechanisms. Some of the maturation
stages are now identified by CD markers, as
listed in Table 5.1. It is a recent finding that an
unexpectedly large subpopulation of CD68+

macrophages express DC-SIGN, a receptor
which normally is expressed only on dendritic
cells (DCs).12 DC-SIGN is a crucial receptor
involved in the initial interaction with ICAM-
3-containing naive T cells, which are abundantly
present in RA synovia, and blockade of 
DC-SIGN prevents binding and subsequent
antigen presentation. It may suggest that these
DC-SIGN-positive macrophages contribute to

local immune activation, apart from the scant
numbers of fully matured DCs.

Expression of different surface markers prob-
ably has consequences for macrophage effector
function, ranging from more proinflammatory
to anti-inflammatory activity. Such a mixture of
cell types was found earlier in the chronically
inflamed lung, where proinflammatory and sup-
pressor macrophage populations were identified.13

This diversity is in line with findings in RA syn-
ovia. Only a limited number of CD68+ cells pro-
duce TNF and IL-1, whereas others produce
none or even anti-inflammatory cytokines like
IL-10 and TGF-β. Further research into the iden-
tification of cell surface markers akin to various
subgroups of macrophages is warranted, as it
may provide targets for more selective anti-
inflammatory therapy.

Normal tissue macrophages and young
monocytes that have recently immigrated
into normal tissues are quiescent. In an acti-
vated state, as found in the synovium of 
RA patients, macrophages acquire multiple
functions. Under conditions of cell stress,
macrophages produce alarmins, or damage-
associated molecular pattern proteins (DAMPS).

MACROPHAGES IN RHEUMATOID ARTHRITIS 47

Table 5.1 CD markers on human tissue
macrophages

Functional aspects CD markers

Adhesion and migration CD33, CD169, CCR2, CCR5
Cytokine receptors CD25, CD119, CDw121b,

EMR-1
Fcγ and complement CD16, CD32, CD64, CD23

receptor (CR)
Microbial pattern CD11b, CD204, CD68,

recognition receptors CD14, CD206
T-cell activation MHC class II

Differences between type 1 and type 2 cytokine 
polarized macrophages

Type 1 Type 2

Adhesion/migration CCR-5 CCR-2
Microbial pattern CD206 CD206++

recognition receptor Mannose R Mannose R
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Important members of DAMPS are S100 pro-
teins, characterized by calcium binding motifs,
and to date more than 20 members have been
described. S100A8 and A9, formerly called
MRP 8 and 14, are not only markers of activa-
tion, but also display prominent proinflamma-
tory activity when released.14,15 S100 A8/9
induced marked TNF and IL-1 production and
expression of S100A8/9 is seen at sites of joint
erosion.

Activated macrophages also elaborate
chemokines involved in PMN, monocyte, and 
T-cell migration. Integrins and vascular cell
adhesion molecules (VCAMs) are up-regulated
under the influence of IL-1,TNF-α, and interferon
(IFN)-γ release. Moreover, reactive oxygen and
nitrogen intermediates are produced, eliciting
local tissue damage. Production of cytokines like
platelet-derived growth factor (PDGF), fibroblast
growth factor (FGF), and TNF-α enhance the
growth and proliferation of lining macrophages
through paracrine interaction with the fibro-
blast-like lining cells. Activated macrophages
also release angiogenesis-promoting factors like
TGF-β, angiotropin, and vascular endothelial
growth factor (VEGF), responsible for neovascu-
larization and further increase of the subintimal
layer.

Apart from a role in synovial activation and
growth, matured macrophages may function as
antigen-presenting cells (APCs), initiating local
antigen-specific T- and B-cell responses, and
herein amplifying immune-mediated macrophage
activation. Moreover, macrophages producing
TNF, IL-1, and destructive enzymes will con-
tribute to cartilage erosion. The ultimate fate of
macrophages in the RA synovium is not known
but a large proportion of the CD68+ lining cells
show signs of apoptosis.4 A minority may traffic
to other sites like remote secondary lymphoid
organs.

ACTIVATION OF SYNOVIAL MACROPHAGES

The pathogenic mechanisms involved in synovial
macrophage activation are as yet unknown.
Theoretically, there is either direct activation by
phlogistic stimuli such as bacteria or viruses, or
the system is turned on indirectly, as an effector

mechanism of immune-mediated events. In
principle, the latter can be caused by T- and 
B-cell-mediated recognition of exogenous anti-
gens reaching the joints, including bacteria and
viruses, or by immune responses to joint-specific
autoantigens (Figure 5.2). Chronicity of the
process of macrophage activation may be due to
persistence of stimuli, which is obvious in the
case of autoantigens, and/or deranged respon-
siveness of the cells, acquiring tumor-like 
properties. In particular, viral stimuli have been
suggested to be involved in the latter process,
although a viral contribution to chronicity of RA
is still to be proven.

Endogenous bacterial fragments enter the
joint as a continuous process and, when poorly
degraded by the macrophages, do form an obvious
persistent stimulus for macrophage activation. 
It was identified that bacterial DNA fragments
bearing a CpG motif are powerful stimulants 
of macrophages.16 More recent developments 
provided further insight into receptors involved
in cell activation by environmental stimuli. At
present up to 10 TLRs (Toll-like receptors) are
described. Bacterial cell wall fragments stimu-
late TLR2,17,18 lipopolysaccharide (LPS) interacts
with TLR4, and viruses mainly trigger TLR3 and 7.
CPG motifs trigger TLR9. Additional diversity
in response patterns is created by receptor cross-
talk and differential use of adapter molecules.
The TLR4 receptor is intriguing since it is not
only stimulated by LPS but also by breakdown
fragments of connective tissue components. This
pathway stimulates TNF and IL-1 production
and links tissue damage as a sustaining factor of
chronic joint inflammation. Regulation of toler-
ance to these persistent triggers is a delicate
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Figure 5.2 Stimuli involved in synovial macrophage 

activation.
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process and disturbances in receptor activation
may underlie autoimmune responses.19 In fact,
deranged TLR4 signaling and excessive cytokine
production have been demonstrated in RA
patients.20

When T-cell tolerance against bacterial 
fragments is lost, T cells are turned on locally
and their products activate the macrophage. 
As a further element of local immune events,
antibodies can be generated, forming immune
complexes at the site and stimulating macro-
phages through their Fc receptors. In principle,
any protein antigen reaching the joint in sufficient
quantities and retained in avascular joint struc-
tures, either due to charge-mediated binding or
antibody-mediated trapping, may function as 
a persistent trigger. As such, the difference
between autoantigens of joint structures or
endogenous and exogenous proteins sticking to
joint structures is mainly semantic, although it
may be argued that regulation of tolerance is 
different.

Animal model studies have identified a
number of potential autoantigens, including 
cartilage-derived collagen type II, proteoglycan,
GP-39, citrullinated proteins, and even the 
ubiquitously expressed enzyme GPI (glucose
phosphate isomerase), showing cartilage-adhering
potential.21–23 There is reason to believe that 
the antigen causing RA might be associated with
cartilage, since removal of cartilage at joint
replacement is sufficient to silence such a joint,
without the need of synovectomy. Nevertheless,
it seems unlikely that one particular autoantigen
is at the base of RA pathology and a multiple
trigger concept is more obvious. This leaves us
with therapeutic options that interfere with 
general elements of immune functions, such as
suppressive T-cell cytokines. Attempts to use
joint-specific antigens to induce tolerance and to
generate bystander suppression of nonrelated 
T-cell responses were successful in animal
models, but convincing effects and therapeutic
applicability in RA patients have yet to be
shown.

Efforts to treat RA by depleting CD4 T cells,
using monoclonal antibodies or immunotoxins,
have been disappointing and questioned the 
relevance of T cells. However, it is now clear that
different subsets of T cells exist, ranging from

IFN-γ- and IL-17-producing effector cells to 
regulatory T cells, and more selective targeting
of subsets seems warranted. The recent develop-
ment of therapeutic targeting of the T-cell activa-
tion marker CTLA-4 looks promising and
underlines the importance of T cells in RA.

T cell macrophage activation and 
regulating cytokines

The belief in T-cell activation of macrophages
was reduced by the difficulty of finding signifi-
cant amounts of IL-2 or IFN-γ in inflamed RA
synovia. However, the recent identification of
IL-17 as a pathogenic mediator of a dinstinct
subset of Th17 cells24,25 and its clear presence 
in many RA patients26,27 boosted renewed inter-
est. This revival in thinking is strengthened by
the old finding of virtual absence of the counter-
acting cytokine IL-4. IL-17 itself stimulated 
the production of IL-1 and TNF-α by human
macrophages and synovial fibroblasts and
amplified the effect of IL-1 and TNF-α on syn-
oviocytes. Furthermore, data from animal
models support the arthritogenic potential of
this cytokine. When IL-17 is overexpressed in
the joints of mice with experimental collagen
type II arthritis (CIA), it strongly aggravates
joint inflammation and cartilage destruction,
independent of IL-1.28,29 In addition, it enhances
immune complex-mediated arthritis and renders
the arthritis independent of TNF. Blockade of IL-
17 in classic CIA significantly ameliorated the dis-
ease and combined TNF/IL-17 neutralization
was superior.

A further argument for IL-17 and T-cell
involvement is the abundance of IL-15 in RA
synovia. This cytokine is produced by macro-
phages and is a major stimulus of T-cell activation.
Such IL-15-exposed T cells become TNF-produc-
ing cells and are potent activators of macro-
phage TNF production, in an IL-17- and cell–cell
contact-dependent fashion.30–32 Intriguingly,
apolipoprotein A-I blocks contact activation and
seems a natural regulator.33

Additional cytokines involved in boosting 
T-cell responses are IL-12 and IL-18.34,35 IL-12
and IL-18, in particular, are found in significant
quantities in RA synovia and are products of
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activated macrophages. Although IL-18 alone is
not a potent maturation factor, it markedly
synergizes with IL-12 in Th1 maturation. Both
mediators are induced in macrophages by bac-
terial activation and this provides the intrigu-
ing possibility that bacteria are not only
phlogistic triggers but also amplify autoim-
mune responses in the joint through release of
IL-12 and IL-18 (Figure 5.3). It may fit with the
often suggested relationship between bacterial
infections and arthritis. Apart from septic
arthritis, arthritis occurs in patients with Lyme
disease and infections of the throat and the
gastrointestinal tract. In animal models IL-12
was shown to promote an acute, nondestruc-
tive joint inflammation to a chronic, destruc-
tive process. Early neutralization of IL-12 as
well as IL-18 markedly reduced autoimmune
collagen type II arthritis, but also nonimmune
Zymosan arthritis, underlining that these
cytokines are both immune-potentiating as
well as directly proinflammatory.36–38 However,
when neutralization is done in established
stages of arthritis, opposite effects are noted.
With the identification of IL-23 further insight
is now provided. IL-23 knockout (KO) mice are

protected from disease, whereas selective IL-12
KO mice exhibit more severe disease.39 It is
becoming clear that not IL-12, but IL-23, is 
the main driving force of Th17 cells. In fact, 
IL-12/IFN-γ could mediate regulatory func-
tions in a ying-yang relationship with IL-
23/IL-17. IL-6, formerly seen as a driver of 
the Th2 pathway and responsible for inhibit-
ing excessive development of the Th1 popula-
tion, is now considered a major driver of Th17
differentiation, with IL-23 as a maturation
factor. This would fit well with the marked
therapeutic effect of IL-6 neutralization in 
RA trials.

Macrophage activation induced by 
immune complexes

One of the characteristic features of RA is the
presence of high titers of autoantibodies.
Impaired B-cell responses have been found
within RA synovium and may be caused by
impaired antigen presentation or clonal deletion.
Autoantibodies are released in large amounts
and target many antigens, forming immune

50 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

Figure 5.3 Cytokines in synovial activation and tissue destruction.

9781841844848-Ch05  8/10/07  1:41 PM  Page 50



complexes residing in the inflamed joint, which
contribute to macrophage activation. Immune
complexes are found abundantly in the synovial
fluid, synovial layer, and even in the superficial
layer of the cartilage. Many potential autoanti-
gens have been defined, including citrullin and
IgG. In the latter case, immune complexes
include IgG isotype antibodies directed against
the constant part of the IgG isotype. These often
large immune complexes are recognized by Fcγ
receptors (FcγR) expressed on the membrane of
macrophages.

In the mouse four FcγR classes have been
described. FcγRI is a high affinity receptor,
whereas FcγRII and III are low affinity receptors.
FcγRIV was recently identified40,41 and binds
IgGs with intermediate affinity. FcγRI, III, and IV
are activating receptors. Upon binding intracel-
lular signaling is mediated by an ITAM motif
present in the intracytoplasmic part of the recep-
tor leading to production of syk kinases, resulting
in selective activation of genes. In contrast,
FcγRII is an inhibiting receptor. Co-ligation of

FcγRII with FcγRI, III, or IV leads to inactivation
mediated by the ITIM motif present in the 
intracytoplasmic receptor. All four FcγR classes
are expressed on macrophages and a balance
between activating versus inhibiting receptors
determines the net reaction of the cell if exposed
to immune complexes.

In humans, three classes of FcγR receptors are
described and all are elevated on RA synovial
macrophages (Figure 5.4). Two types of FcγRII
are identified, with IIa being an activating 
receptor, whereas IIb probably is the equivalent of
the mouse type II inhibitory receptor. To identify
which activating FcγRs are important in onset
and prolongation of arthritis, experimental
models were studied in various FcγR KO mice.
When experimental arthritis was induced pas-
sively by immune complexes, FcγRIII appeared
the dominant FcγR in joint inflammation. 
In FcγRIII−/− mice onset of arthritis was 
completely prevented, whereas in FcγRI−/−,
joint inflammation continued and was not 
different from controls. In contrast, using a 
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mixture of T-cell and immune complex-mediated
arthritis (antigen-induced arthritis model), we
found that not FcγRIII but FcγRI was crucial.42–44

Antigen-induced arthritis was not reduced in
FcγRIII KO mice, but profoundly suppressed in
FcγRI- deficient mice. As collagen type II arthritis
is also FcγRIII-dependent,45 this may suggest
that the onset of this model is driven more by
anti-collagen type II antibodies than by anti-CII
T cells.

The contribution of FcγRI, III, and IV with
respect to inflammation and cartilage pathology
may differ and suggestive evidence is accumu-
lating that FcγRI is crucial in destruction, even in
FcγRIII-dependent immune complex arthritis.
FcγRIV is mainly expressed during the late
phase of collagen arthritis and then contributes
to destruction. Cytokines released during arthri-
tis may influence the expression of activating
FcγR. IFN-γ, a cytokine produced mainly by 
activated Th1 cells but also in lower amounts 
by activated macrophages, up-regulates FcγRI
and may explain why FcγRI becomes the domi-
nant FcγR in the T-cell-mediated arthritis model.
Other cytokines found in RA patients may 
also contribute to skewing of FcγR expres-
sion patterns.46 IL-4 and IL-13 down-regulate 

activating FcR. IL-10 up-regulates FcγRI, whereas
TGF-β up-regulates FcγRIII (Figure 5.5). So far, a
direct effect of IL-17 on up-regulation in
macrophages has not been identified, although
IL17 does have this capacity in vivo, herein
enhancing erosive progression of arthritis.47

Apart from the type of FcγR, the degree of
FcγR expression and the relative balance
between activating and inhibitory receptor 
may be of utmost importance in regulating
inflammation. Certain mouse strains appear 
to be hyperreactive to immune complexes.
Immune complex-mediated arthritis passively
induced within knee joints of DBA/1 mice
caused a severe phenotype, which became
chronic, whereas the same amount of immune
complexes brought into the knee joints of
C57BL6 mice only induced a mild arthritis,
which was already extinguished after 3 days.48

As synovial macrophages are crucial for devel-
opment of arthritis in both strains, peritoneal
macrophages were screened for FcR expression.
It appeared that normal macrophages from
DBA/1 mice expressed higher FcγRIII and lower
FcγRI levels if compared with peritoneal
macrophages derived from C57BL6 mice. Upon
activation by immune complexes a prolonged
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rise in FcγRI and FcγRIII expression was found,
whereas in C57BL6 mice the rise in FcγR was
normalized within 1 day.49 Up-regulation of acti-
vatory FcγR showed physiological conse-
quences, since a high prolonged release of IL-1
was found in immune complex-activated
DBA/1 macrophages, whereas release of IL-1
was much lower and only short-lasting in
immune complex-activated BL/6 macrophages.
This suggests that genetic differences in
macrophages may be responsible for a different
regulation of FcγR expression, resulting in pro-
longed higher expression of activatory recep-
tors, and lower expression of the inhibiting
FcγRII receptor, leading to an aberrant response
upon contacting immune complexes. A signifi-
cant correlation was found between genes on the
chromosome also containing FcγR and suscepti-
bility of mice to develop arthritis.50,51 In line with
this, mice that are not prone to develop arthritis
become highly vulnerable after deletion of the
FcγRII gene.52 Moreover, the ameliorating effect
of intravenous IgG treatment is probably medi-
ated by binding to the inhibiting FcγRII, leading
to abrogation of intracellular signaling caused 
by immune complexes and regulated by the 
activatory FcR.53

MACROPHAGES AND JOINT DESTRUCTION

Destruction of bone and cartilage is a characteri-
stic feature of RA. The number of lining layer
macrophages has been found to correlate with
both clinical disease activity and radiographic
progression in chronic RA.54 Macrophages may
be involved in cartilage destruction by direct
release of enzymes, by activation of fibroblasts,
and indirectly by activation of catabolic path-
ways in chondrocytes.

The production of proteolytic enzymes by
the inflamed synovium may contribute to the
pathogenesis of articular damage,55 in particu-
lar at sites of pannus overgrowth, where there
is direct access of activated synovial cells to the
cartilage matrix and more limited inhibition by
enzyme inhibitors, abundantly present in the
synovial fluid. Four families of proteases (met-
allo, aspartic, cysteine, and serine) have been
implicated and probably act synergistically to

destroy the connective tissue components of
the joint. Proteoglycan loss is an early feature
and a crucial role of ADAMTS5 (aggrecanase-2)
has been demonstrated.56 Although this level of 
proteoglycan loss is reversible, its absence in
ADAMTS5 KO mice prevents progression of
erosions in experimental arthritis, thereby 
confirming the old dogma that proteoglycans
cover and therefore protect the collagen net-
work. Further cleavage of aggrecan, the largest
proteoglycan in the cartilage, occurs with met-
alloproteinases (MMPs). Amino acid sequence
analysis of proteoglycan breakdown products
in RA synovial fluid has defined a major site 
of proteolytic cleavage in aggrecan within 
the first interglobular domain of the aggrecan
core protein.57 Cleavage of this site results in
the neoepitope VDIPEN, which remains in 
the cartilage whereas the other part ending 
on FFGVG is found within the synovial fluid.
Among the many MMP members, collagenase
is thought to be of particular importance since
it forms the rate-limiting step in collagen break-
down and eventually leads to cartilage ero-
sions. MMP-1 is strongly elevated in synovial
fluid but also in the synovial membrane of
patients with RA. More recently, MMP-13 has
been identified and implicated in cartilage
pathology.58 Neoepitopes identifying collage-
nase-mediated collagen breakdown in RA carti-
lage are abundant, and also present in deep
cartilage layers, which may suggest involve-
ment of bone marrow-derived mediators in the
destructive process. Proteolytic enzymes are
already up-regulated in the synovial layer at a
very early stage in the course of inflammatory
arthritis. The number of MMP-1 and MMP-13
mRNA-positive cells in the synovial lining
layer was significantly correlated with the
development of new joint erosions. Apart from
macrophage-derived proteolytic enzymes,
fibroblasts stimulated by macrophage interac-
tion are a major source of proteases and
believed to contribute to direct matrix attack at
the pannus invasive front.59

In addition to direct enzyme release, macro-
phages contribute to cartilage destruction by the
production of TNF-α and IL-1. Both IL-1 and
TNF-α activate surrounding macrophages or
fibroblasts to produce MMPs, but these cytokines
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also modulate the metabolism of chondrocytes.
IL-1 is the dominant cytokine involved in inhibition
of cartilage proteoglycan and collagen synthesis
(Figure 5.6). Moreover, IL-1 stimulates chondro-
cytes to produce MMPs. MMPs are released in a
latent form, are stored in the cartilage matrix, and
additionally are activated by as yet unknown fac-
tors. Members of other enzyme groups might be
involved in this activation step. Cysteine proteases
(e.g. cathepsins) or serine proteases (e.g. elastases)
can activate pro-MMPs. These enzymes may
derive from granulocytes or connective tissue
cells but also from the macrophages. In animal
models a crucial role of MMP-3 (stromelysin) is
evident in activating pro-MMP1 inside the carti-
lage.60,61 Immune complexes are potent inducers
of MMP-3 and crucial in activation of pro-MMPs.
Comparing various experimental arthritis
models, MMP-mediated cartilage erosion was
only found in those models in which immune
complexes were present. Furthermore, in the
absence of functional activating FcγR, immune
complex-mediated arthritis did not show carti-
lage erosion, although latent pro-MMPs were
present in the cartilage in large amounts. FcγRI
appeared to be the dominant activating FcγR in

cartilage destruction. Intriguingly, in mice defi-
cient for FcγI, II, and III, inflammation was
enhanced after induction of antigen-induced
arthritis, yet cartilage destruction was com-
pletely absent. In strong contrast, bone erosion
was markedly enhanced, roughly following the
degree of inflammation. This illustrates that car-
tilage and bone erosion are distinct processes 
and suggests that FcγR activation by immune
complexes is not essential in osteoclast 
activation.62 In line with this, FcγR expression is
high on macrophages, but diminishes dramati-
cally upon differentiation and full maturation of
osteoclasts.

Osteoclasts are the principal effector cells
involved in bone resorption. Both maturation
of precursor cells and activation of mature cells
is highly stimulated by the macrophage-
derived cytokines TNF and IL-1, whereas an
amplifying role is attributed to T-cell-derived
IL-17. Recent studies identified RANKL (recep-
tor activator of nuclear factor kappaB ligand) as
a crucial stimulus of osteoclast activation, and
the interplay between RANKL, its receptor
RANK and OPG (osteoprotegerin), which is the
natural inhibitor of RANKL, determines the
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erosive nature of an arthritic process.63–65 Bone
erosion is completely blocked in arthritis in
RANKL-deficient mice, whereas progression of
cartilage destruction is evident, illustrating the
lack of a role of RANKL in cartilage destruc-
tion. Of note, RANK is clearly expressed on
chondrocytes, but apparently its activation
does not drive cartilage erosion.

DEPLETION OF TYPE A INTIMA CELLS 
INHIBITS ONSET OF ARTHRITIS

The above studies have identified macro-
phages as crucial cells in inflammation and
joint erosion, herein providing a rationale for
therapeutic macrophage targeting. As intima
type A cells become activated before arthritis
development and are dominant producers of
proinflammatory cytokines, these cells seem
very important in regulating the early onset of
arthritis. Transfer studies, using macrophage-
like synovial cells from preinflammatory syn-
ovia from rats with developing experimental
adjuvant arthritis were able to transfer arthritis
to control rats.66 The ultimate proof that these
cells are crucial in regulating arthritis was pro-
vided by selective removal of these cells from
the intima.

Several methods to eliminate synovial intima
cells have been described. Local deposition of
osmium tetroxide or radioisotopes67 in knee
joints indeed showed down-regulation of the
lining function. However, the disadvantages of
these methods are that they are non-selective
and often cause side effects in other joint 
tissues. Another more selective approach is 
the use of liposomes encapsulating the drug
clodronate (dichloromethylene bisphospho-
nate: Cl2MDP). This drug belongs to a class 
of synthetic compounds structurally related to
pyrophosphate, an endogenous regulator of
calcium metabolism. Macrophages preferen-
tially phagocytose relatively large (1 µm) multi-
lamellar liposomes. Once inside the cell, the
lipid bilayer is degraded by enzymes, clo-
dronate is set free and induces cell death by
apoptosis. The exact mechanism by which clo-
dronate induces apoptosis is not known but

most likely it is due to intracellular arrestment
of Fe2+.68 A single injection of 6 µl of liposomes
containing 75 µg clodronate into murine knee
joints resulted in selective depletion of type 
A cells. Optimal depletion was found within
6–11 days after liposome injection, but even
after 30 days no full recovery of the lining was
found. No side effects were found on cartilage
metabolism.69 The free drug, 14C-labeled clo-
dronate, is not taken up by cells and had no
effect on macrophages.

The role of type A intima cells in onset of
arthritis was demonstrated in murine experi-
mental arthritis models. Selective depletion of
type A intima cells, starting 7 days before arthritis
induction, completely prevented cell influx.69,70

Washouts of the joints showed significantly
reduced chemotactic activity and reduced levels
of IL-1. The most important reduction was noted
in complement factor C5a and IL-1-induced
chemokines such as MCP-1. In addition it was
found that elimination of type A lining cells also
suppressed the onset of autoimmune collagen
arthritis, herein identifying that processes 
initiated by antibodies directed against cartilage
epitopes are also dependent on lining cells.
Moreover, it markedly reduced joint damage.
Intriguingly, elimination of macrophages also
prevented cartilage destruction in murine
osteoarthritis.71

As type A cells and macrophages can remain
in an activated state in RA for prolonged peri-
ods, selective removal might be very beneficial
for bringing the inflamed synovium to rest. 
A serious caveat as regards targeting lining
macrophages selectively during active arthritis
is that many PMNs and monocytes are present
in the synovial fluid. The abundance of these
cells largely prevents proper access of the
locally injected liposomes to the intima, and
much is destroyed by lipases produced by, for
example, PMNs. In line with this, injection of
an adenoviral vector expressing the reporter
gene luciferase only identified infection of exu-
date cells of the inflamed joint and the virus
failed to reach the synovium. Moreover, injec-
tion of an adenoviral IL-1ra vector, which
largely prevents the onset of arthritis when
given before onset, was less effective in arthritis
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when given during the acute phase.72

To make it more applicable to the human situa-
tion, either synovial fluid aspiration has to be
performed before liposome injection, or the
joint has to be pretreated with a potent anti-
inflammatory drug, e.g. steroid.

It is re-assuring to note that clodronate-con-
taining liposomes injected locally in chronically
inflamed murine knee joints, in which only few
exudate cells are present, easily targeted the
lining cells. Fluorescent liposomes accumulated
in the superficial intima layer when injected in joints
of mice with antigen-induced arthritis, induced 
2 weeks before. The sustained inflammation in the
synovium was largely resolved 1 week later
(Figure 5.7). Of great interest, exacerbation of the
inflammation by oral or intra-articular rechal-
lenge with antigen was largely prevented in
these lining-depleted joints, suggesting that
apart from sustaining chronic arthritis, these
cells are also crucial players in the flare-up 
reaction.

Promising results were found when clodronate
liposomes were injected locally into the human
RA joint. Seven days after injection the intima
layer was eliminated whereas the inflammation
in the subintima was significantly reduced. 

The treatment was well tolerated and no side
effects were found.73 A recent improvement
focused on silencing rather than elimination of
activated macrophages. A single i.v. treatment
with glucocorticoids encapsulated in long-
circulating liposomes suppressed murine col-
lagen arthritis.74 These PEG liposomes were
primarily taken up by activated macrophages,
showed good safety, and are now tested in RA
patients.

Other macrophage targeted therapies

Apart from liposome targeting of macrophages,
more recent approaches are those using gene
therapy. Local injection of adenoviral vectors
harboring the herpes simplex virus thymidine
kinase (Tk) gene in the knees of rhesus monkeys
with developing collagen type II arthritis 
followed by treatment of gangciclovir for 
14 days resulted in increased apoptotic cell
death in the synovium. Although the procedure
showed no toxic side effects, the Tk gene therapy
approach is not selective for macrophages. 
An interesting clinical application is the killing
of interface cells in prosthesis loosening.75
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In addition, direct intra-articular injection of
adenoviral vectors harboring FasL resulted in
extensive apoptosis in the synovium without
affecting chondrocyte viability. As both type A
and type B cells express Fas, this approach might
also not be selective for type A cells. A further
option to target particular cell types more specif-
ically is to use modified viruses or liposomes, for
instance carrying RGD motifs and preferentially
touching cells which heavily express adhesion
molecules.76 It is expected that those cells are pri-
marily the ones actively involved in inflamma-
tory mediator release.

Another promising approach to eliminate
macrophages is the use of FcγRI as a targeting
element. As FcγRs and FcγRI in particular are
present on macrophages and play an impor-
tant role in joint inflammation and severe car-
tilage destruction, this receptor may be used to
deplete these cells from the synovium. Since
FcγRI is a high affinity IgG receptor, which is
saturated with serum IgG in vivo, conventional
antibodies are ineffective in targeting FcγRI.
Anti-FcγRI antibodies directed against non-
antigen binding epitopes of the receptor, and
to which the toxic compound ricin was cou-
pled, were found to be very effecient in pro-
ducing apoptosis of macrophages in vivo in the
skin and studies are ongoing to prove that it
might be an effective tool to selectively remove
FcγRI-expressing macrophages from arthritic
joints.77

Therapeutic scavengers of 
macrophage mediators

Among the most successful therapeutic
approaches to combat RA is blockade of macro-
phage mediators, such as cytokines. As RA is a
versatile disease, it is important to emphasize
that therapies directed at one target mediator
may be only partially effective.

The most obvious way to block severe carti-
lage destruction is blockade of MMPs. The use of
naturally occurring inhibitors has apparent 
disadvantages. Broad-spectrum inhibitors such
as α2-macroglobulin have a large size, which
prevents these inhibitors from penetrating the
cartilage matrix. Other inhibitors like TIMPs,

which bind tightly to the active sites of all
MMPs, are produced in low amounts. This
makes additional therapy, in particular using
local gene therapy, obvious an way to combat
elevated levels of active MMPs. Experimental
data with synthetic inhibitors looked promising,78

but clinical trials still suffer from safety con-
cerns, in particular enhanced tumor spreading
or ligament stiffening. It is still unclear whether
selective targeting of MMP-13 is beneficial and
may eliminate most side effects. It argues that
we do not know enough about the homeostatic
functions of most MMPs.

The most successful treatment of RA to date is
blocking the macrophage cytokine TNF-α.79

Given the vast abundance of a whole range of
inflammatory mediators in RA synovial tissue it
is encouraging to note that there seems to be
substantial hierarchy. TNF-α and IL-1, mainly
produced by macrophages, are probably master
cytokines regulating inflammation and cartilage
destruction. Using culture studies of RA synovial
membranes it was claimed that TNF-α drives
most of the IL-1 production. However, in exper-
imental arthritis IL-1 rather than TNF-α regu-
lated cartilage destruction and erosions were absent
in a range of arthritis models in IL-1-deficient 
mice, but not in TNF-deficient mice.80,81

IL-1Ra trials show benefit in RA, including
reduction of erosions.82,83 Trials with high 
quality neutralizing antibodies have just started
and hopefully will provide further insight. 
It remains an option that IL-1 produced locally
in the cartilage is not optimally targeted. On the
other hand, IL-1ra-deficient mice, displaying
uncontrolled IL-1 effects, develop a T-cell-
dependent arthritis.84

FINAL REMARKS

RA is probably a macrophage-driven disease.
Resident synovial macrophages present in the
intima become activated, which may be a conse-
quence of an aberrant response to various triggers
such as bacterial products or immune complexes
released within the joint. Inflammation starting in
the intimal layer attracts blood monocytes which
differentiate into mature macrophages, potentially
with deranged function. Genetic preponderance or
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inadequate feedback mechanisms may be the
cause for the aberrant responses to triggers that
are normally cleared without many side effects.
Activated macrophages produce a myriad of
mediators, many of which are involved in inflam-
mation and cartilage destruction. As therapies
directed at only one target mediator may not be
fully effective, selective removal of activated
synovial macrophages or combination treat-
ments leading to general inactivation of these
cells, such as methotrexate or steroids, remain of
interest.
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INTRODUCTION

Autoimmune rheumatic diseases result from a
process involving three distinct but related com-
ponents – a break in self-tolerance, development
of chronic inflammation in one or several
organs, and if ongoing, tissue destruction and its
resultant detrimental effects. It has been pro-
posed that dendritic cells (DCs) are the critical
decision-making cells in the immune system.1

Through their role in the generation of central
and peripheral tolerance, as well as in priming
immune responses and stimulation of memory
and effector T cells, DCs are likely to play essen-
tial roles in both the initiation and perpetuation
of autoimmunity and autoimmune diseases.
However, the understanding of the means by
which DCs contribute to peripheral tolerance
has opened the exciting possibility of harnessing
them for antigen-specific immunotherapy of
autoimmune diseases and transplantation. This
chapter will consider the use of DCs as a biolog-
ical therapy for the induction of tolerance in
rheumatic autoimmune diseases. After consider-
ation of the known mechanisms of peripheral
tolerance, we will focus on the various means by
which effector function is regulated in the
periphery. Means and pathways by which DCs
have induced peripheral tolerance in autoim-
mune models will be discussed, followed by con-
sideration of the potential and relative merits of

this approach for future therapy of autoimmune
rheumatic diseases. Finally, other strategies for
the blockade of DC function will be examined.

DENDRITIC CELLS

DCs are now recognized as essential regulators
of both innate and acquired arms of the immune
system.2 They are responsible for the stimulation
of naive T lymphocytes, a property that distin-
guishes them from all other antigen-presenting
cells (APCs). DCs are also essential accessory
cells in the generation of primary antibody
responses3 and are powerful enhancers of natu-
ral killer (NK) cell cytotoxicity.4 DCs are crucial
for the initiation of primary immune responses
of both helper and cytotoxic T lymphocytes, and
thus act as ‘nature’s adjuvant’.5 Conversely, DCs
are also involved in the maintenance of tolerance
to antigens. DCs contribute to thymic central 
tolerance and shaping of the T-cell repertoire by
presenting antigens to T cells and deleting those
T cells that exhibit strong autoreactivity.6

However, DCs also play a role in peripheral tol-
erance. Here, DCs contribute by deletion of
autoreactive lymphocytes and expansion of the
population of regulatory T cells (Tregs). Therefore,
DCs offer potential utility in protective and ther-
apeutic strategies for tolerance restoration in
autoimmune diseases.
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DC precursors from the bone marrow migrate
via the bloodstream to peripheral tissues where
they reside as immature DCs. Immature DCs
efficiently capture invading pathogens and
other particulate and soluble antigens. After
antigen uptake, DCs rapidly cross the endothe-
lium of lymphatic vessels and migrate to the
draining secondary lymphoid organs. Following
the uptake of immunogenic antigens and lym-
phatic migration, DCs undergo a process of 
maturation, which is characterized by down-
regulation of the capacity to capture antigens and
up-regulation of antigen processing and presen-
tation, expression of costimulatory molecules
and altered dendritic morphology.7–9 After pres-
entation of antigen to naïve T cells in the T-cell
area of secondary lymphoid organs, most DCs
disappear, probably by apoptosis. Thus, under
optimal conditions, the same DC sequentially
carries out distinct functions such as capture and
processing of antigens, antigen presentation to
rare, naïve antigen-specific T cells, and induc-
tion of antigen-specific T-cell clonal expansion.

Dendritic cells and immune tolerance

Considering the crucial role of DCs in antigen
processing and presentation and thus in the reg-
ulation of immune reactivity, DCs are important
directors of immune responsiveness, through
the interactions with responding lymphocytes
and other accessory cells. Broadly, evidence 
suggests that under steady-state conditions,
recruitment of DC precursors into tissues and
migration/maturation into secondary lymphoid
organs occurs at low rates and may favor toler-
ance induction. On the other hand, stimulation
of immature DCs leading to DC maturation and
activation may induce a productive immune
response.10

The process of DC maturation can be stimu-
lated by various mechanisms, including
pathogen-derived molecules (LPS, DNA, RNA),
proinflammatory cytokines (TNF-a, IL-1, IL-6),
tissue factors such as hyaluronan fragments,
migration of DCs across endothelial barriers
between inflamed tissues and lymphatics, and
T-cell-derived signals (CD154).11–13 In contrast,
anti-inflammatory signals, such as IL-10, TGF-b,
prostaglandins, and corticosteroids tend to

inhibit maturation.14–16 Thus, DCs represent an
attractive therapeutic target, either to enhance or
to attenuate immunity for modulation of dis-
ease. To date, ex vivo modulation of DCs and
exposure to antigen before transfer into an
animal or human recipient has been the major
approach to achieve protective and therapeutic
immunity. This relates in part to complexity of
the DC system in the context of a whole person
with an immune system disorder, and in part to
the difficulty of delivery of specific antigens and
immunomodulators to DCs in vivo.

NF-kB and DC function

The ability of a myeloid DC to induce immunity
or tolerance is linked to its maturation state and
thus to NF-kB activity.17–20 Immature DCs gener-
ated from murine bone marrow induce T-cell
unresponsiveness in vitro and prolonged cardiac
allograft survival.21 Various drugs and cyto-
kines, and inhibitors of NF-kB inhibit myeloid 
DC maturation,16,22–26 including corticosteroids,
salicylates, mycophenolate mofetil, transform-
ing growth factor (TGF)-b, and IL-10. DCs 
generated in the presence of these agents alter 
T-cell function in vitro and in vivo, including pro-
motion of allograft survival.27–30 NF-kB activity
leads to transcription of a number of genes
involved in the immune response. RelB activity
is required for myeloid DC differentiation.31–33

RelB regulates DC- and B-cell APC function
through regulation of CD40 and MHC molecule
expression.34–36 We have shown that antigen-
exposed DCs in which RelB function is inhibited
lack cell surface CD40, prevent priming of
immunity, and suppress previously primed
immune responses. While immature DCs, which
maintain the potential for subsequent activation,
were only moderately suppressive of primed
immune responses, RelB-deficient DCs lacking
this potential were much more suppressive.36

VACCINATION TO REDUCE 
AUTOANTIGEN-SPECIFIC IMMUNE RESPONSES
IN RHEUMATIC DISEASES

Loss of tolerance to self-antigens is a critical
component in the pathogenesis of autoimmu-
nity. Active mechanisms of peripheral tolerance
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include deletion of self-reactive cells or survival
of antigen-specific cells long term after antigen
recognition while the animal remains tolerant.
The regulation of self-reactive effector responses
by specialized populations of regulatory T cells
constitutes a major mechanism whereby the 
tolerant state is maintained and autoimmune
disease is avoided long term. Several T-cell and
NKT-cell populations with the ability to inhibit
the response of other (effector) T cells have been
described. Understanding and harnessing these
mechanisms therapeutically using DCs has great
potential for therapy of autoimmune diseases,
including rheumatoid arthritis (RA).

Regulatory T cells as targets for vaccination
approaches

CD4+CD25+ regulatory T cells

Mice thymectomized on day 3 after birth
develop a syndrome of organ-specific autoim-
mune disease, including oophoritis, gastritis,
and/or thyroiditis. The mice can be rescued
from illness by transfer of CD4+CD25+ T cells
from a syngeneic adult spleen, and depletion of
this population from non-thymectomized mice
leads to a similar spectrum of autoimmune 
disease.37–40 Transfer of CD4+CD25- T-cells into
syngeneic nude recipients leads to similar
autoimmune disease, as well as a wasting syn-
drome and immune complex-mediated glomeru-
lonephritis in some animals. Since these
discoveries were made in the 1960s and 1970s,
the CD4+CD25+ T-cell subset has been well char-
acterized as a thymic-derived suppressor or 
regulatory population with the capacity to
reduce the strength of effector responses.41,42 By
this means, the T cells down-regulate immune
responses to self and foreign antigens, and pre-
vent autoimmune disease. These T cells consti-
tute about 5% of murine and human spleen or
blood T cells and characteristically express the
transcription factor FoxP3. They proliferate in
response to mitogen or APC and IL-2 in vitro,
and inhibit CD4+ CD25- T-cell proliferative
responses after T-cell receptor (TCR) ligation.43

Autoantigen-specific CD25+ Tregs are also
inducible in the periphery in vivo, and can be
expanded in vitro by antigen-exposed DCs.44,45

Expanded Tregs have been shown to suppress
pancreatic inflammation and disease after 
adoptive transfer to mice prone to autoimmune
diabetes.46,47

Other CD4+ regulatory T cells

TR1 cells

This population of T cells was first shown to
emerge after several rounds of stimulation of
human blood T cells by allogeneic monocytes in
the presence of IL-10. The clones themselves
secrete high levels of IL-10 and moderate levels
of TGF-b but little IL-4 and varying levels of
IFN-g.48 An early phase clinical trial of adoptive
immunotherapy with donor T lymphocytes
tolerized in vitro by IL-10, in patients transplanted
with T-cell-depleted haploidentical allogeneic
stem cells, is in progress in Italy.

Th3 cells

The Th3 regulatory subpopulation refers to a
specific subset induced following antigen deliv-
ery via the oral (or other mucosal) route. They
produce predominantly TGF-b, and only low
levels of IL-10, IL-4, or IFN-g, and provide spe-
cific help for IgA production.49 They are able to
suppress both Th1- and Th2-type effector T cells.

Th2 cells

This subpopulation produces high levels of IL-4,
IL-5, and IL-10 but low levels of IFN-g and TGF-b.
Th2 cells are generated in response to a relative
abundance of IL-4 and lack of IL-12 in the envi-
ronment at the time of presentation of their cog-
nate peptide ligands.50 T-cell signaling by CD86
may also be important for generation of Th2
cells.51,52 Prostaglandin E2 (PGE2) inhibits the
ability of DCs to produce IL-12 but promotes 
T-cell stimulatory capacity, thereby resulting in
Th2 cell differentiation.53 The precise definition
of the costimulatory molecules involved in Th2
as opposed to regulatory T-cell induction are not
entirely clear, but it appears that the effects of PGE2

are cAMP-dependent and NF-kB-independent.
Novel candidate genes that have potential for
the production of DCs capable of Th2 immune
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deviation include galectin1, an endogenous lectin
that promotes T-cell apoptosis and Th2 skewing,
and OX2, a DC surface antigen that suppresses
Th1 responses OX40 ligand and Notch ligands.54,55

The importance of Th2 cells as a regulatory subset
is unclear. However, suppressive effects may
result from deviation away from a Th1-type
immune response, or as a result of DC factors
which commonly stimulate Th2 cells and Tregs
simultaneously.

CD8+ regulatory T cells

A distinct CD8+CD28- regulatory or ‘suppressor’
subset of T cells can be induced by repetitive
antigenic stimulation in vitro. These cells are also
found in vivo in patients with chronic inflamma-
tion, transplantation, or tumors such as
melanoma.56–59 They are major histocompatibility
complex (MHC) class I-restricted, and suppress
CD4+ T-cell responses. A related CD4+CD28-

subset is found in patients with RA, particularly
in patients with vascular complications. Like
CD8+CD28- T cells, this subset expresses killer
cell immunoglobulin-like receptors (KIRs),
including the stimulatory KIR2DS2, which is
potentially involved in endothelial damage.60

NK T cells

This T-cell population that expresses the NK cell
marker, CD161, and whose TCRs are Va24JaQ in
human and Va14Ja281 in mouse, is activated
specifically by the non-polymorphic CD1d mole-
cule through presentation of various glycolipid
antigens.61 They have been shown to be immuno-
regulatory in a number of experimental systems.
Administration of the glycolipid, a-galactosyl
ceramide (a-gal cer), presented by CD1d, results in
accumulation of NKT cells and amelioration of
diabetes in non-obese diabetic mice.62

gd T cells

gd T cells have been implicated in the suppres-
sion of immune responses in various inflamma-
tory diseases and reduction of inflammation
associated with induction of mucosal tolerance.
However, gd T cells with a contra-suppressive
effect have also been described.63

ROLE OF DENDRITIC CELLS IN INDUCTION AND
MAINTENANCE OF AUTOIMMUNE DISEASE

In autoimmune diseases, when tolerance against
self-determinants is impaired, activated autore-
active lymphocytes participate in the process of
tissue damage. As translocation of antigens from
the periphery to secondary lymphoid organs
and their presentation to naive T cells are prima-
rily mediated by DCs, these cells play an essen-
tial role in the priming of lymphocytes in
autoimmunity.64,65 DCs are also important cells
at the inflammatory site. For example, in the
NOD mouse model of type 1 diabetes, DCs are
among the first cells to infiltrate the islets.66

Moreover, DCs are critical APCs for the activa-
tion of CD25+ Tregs.45 Therefore, abnormalities
of DCs have implications not only for immune
priming but for immune regulation.

Self-Antigen Presentation

Presentation of viral or modified self-antigens, of
which the immune system has been ignorant, rep-
resents a common theme in the initiation of autoim-
munity. For example, in a transgenic animal model,
chronic stimulation of organ-specific immune
responses by DCs was shown to initiate severe car-
diovascular immunopathology.65 In a transgenic
rat insulin promoter-glycoprotein model of
autoimmune diabetes, DC-mediated antigen
transport primed an autoimmune response
against a pancreatic neo-self antigen. Continued
antigenic stimulation by DCs and repeated stim-
ulation of T cells induced local inflammation,
resulting in the formation of ectopic lymphoid
structures in the pancreas.67,68

A number of modified self-antigens have
been described in human autoimmune diseases.
In patients with type 1 diabetes, a recent paper
elegantly demonstrated the immunogenicity of a
post-translationally modified region of the
insulin A-chain, presented in the context of
HLA-DR4.69 In RA, a variety of citrullinated
autoantigens are described. Citrullination is a
physiological process in which protein is altered
during apoptosis and inflammation. Citrulline-
specific autoantibodies are known as anti-CCP
(citrullinated cyclic peptide). In RA, anti-CCPs
are present in approximately 70% of patients.70
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Anti-CCPs are highly specific for RA and are
associated with more severe joint damage 
and radiographic outcome.70 Recent data impli-
cate immune system reactivity towards citrulli-
nated antigens in patients with RA-associated
HLA genotype as a fundamental element in the
pathogenesis of RA.71,72

In many different populations it has been
observed that specific HLA-DR gene variants in
the MHC region are highly associated with RA.
The association has been mapped to the third
hypervariable region of DRb-chains, especially
amino acids 70–74, encoding a conserved amino
acid sequence that forms the fourth anchoring
pocket (P4) in the HLA groove (Figure 6.1). This
susceptibility epitope, known as the ‘shared epi-
tope’, is found in multiple RA-associated DR
molecules, including DRB1*0401, DRB1*0404,
DRB*0101, and DRB1*1402. The shared epitope
is positively charged and would bind proteins or
peptides containing a negatively charged or non-
polar amino acid. The shared epitope-encoding

HLA alleles are particularly associated with anti-
CCP-positive RA.71–73 Citrullination replaces
charged imino side chain groups with an
uncharged carbonyl group, dramatically
increasing the affinity of citrullinated proteins
with the shared epitope. Fibrin and vimentin are
two citrullinated proteins identified thus far in
synovial extracts from inflamed joints and are
prominent synovial candidate antigens in anti-
CCP-positive RA.74,75 Collagen type II is a fur-
ther protein candidate.76 Recent data suggest
that smoking may trigger citrulline-specific
autoimmunity in individuals with shared 
epitope-encoding HLA alleles, which may or
may not subsequently develop into clinical
inflammatory joint disease.72,77 The definition of
this group of autoantigens in RA and their 
contribution to disease pathogenesis has been 
a major recent advance. As discussed later, 
this advance should aid the development of 
antigen-specific therapies for RA. Given their
specificity for RA, and strong evidence for 
their role in disease severity, our strategy has
been to develop citrullinated antigen-specific
DCs as a therapeutic, with the aim of altering 
the immune response to citrullinated antigens 
in anti-CCP+ patients with the HLA shared-
epitope and established RA. In the future, one
could also conceive that such a strategy might
also be used preventatively in anti-CCP+ HLA
shared-epitope+ first degree relatives of RA
patients.

Dendritic cells at sites of autoimmune disease

DCs have been studied in a number of common
autoimmune conditions. In autoimmune dis-
eased sites, DCs share some common character-
istics. These include enrichment of activated
DCs in inflamed tissues, particularly in a
perivascular distribution. Moreover, DCs infil-
trate tissues at very early stages of disease. At
inflammatory sites in general, early DC infiltra-
tion contributes to the recruitment of other
immune cells. Indeed the same process occurs
during the development of lymphoid organs,
such that if lymphotoxin-b is not produced by
DCs, the organ cannot develop. Similarly, DC
infiltration is an early feature of islet cell autoim-
munity in diabetes mellitus78 and contributes to

DENDRITIC CELLS 67

P4

P1

P6

P9

P7
T28β

V9β

R70β
Y26β

E74β

Figure 6.1 A ribbon diagram depicting the structure of the

peptide binding groove of HLA-DRB1*01, a susceptibility

allele for RA. Residues in pockets 4, 6, and 7 as outlined on

the DRB1*01 structure. E74b is predicted to interact with

arginine/citrulline. The regions that compose pockets 1, 4, 6,

7, and 9 have been circled and labeled accordingly.

Reproduced with permission from Pearson CI, Gautam AM,

Rulifson IC, Liblau RS, McDevitt HO. Proc Natl Acad Sci USA

1999; 96: 197–202. Copyright (1999) National Academy of

Sciences, USA.

9781841844848-Ch06  8/9/07  3:15 PM  Page 67



local lymphoid tissue formation in the pan-
creas.79 Organization of tissue into lymph 
node-like structures, including lymphoid folli-
cles, is a common feature of tissues affected by
autoimmune inflammation.80

Increased numbers of the myeloid and plas-
macytoid subsets of DCs have been shown in
synovial fluid and perivascular regions of syn-
ovial tissues in patients with RA and other
autoimmune rheumatic diseases.81–86 The sus-
tained immunomodulatory effect of TNF block-
ade in RA relates in part to the traffic of DCs and
other immunocytes to the inflammatory site.87,88

GENERATION OF DENDRITIC 
CELLS FOR TOLERANCE

Anti-rheumatic disease-modifying drugs act
systemically, and as a result of non-specific
immune suppressive effects, opportunistic infec-
tions may occur. Thus, it is desirable to develop
a therapeutic means to modulate immune
responses in an antigenic-specific manner. DCs
are an attractive target for a therapeutic strategy
that attenuates autoimmune responses.

During the last decade, the development of
techniques to generate large numbers of DCs 
in vitro, together with advances in gene transfer
technology and understanding of the role of DCs
in peripheral tolerance, have opened up the pos-
sibility of generating DCs with regulatory proper-
ties in the laboratory. Strategies used to generate
DCs with such potential include modification 
of tissue culture conditions, pharmacological
modification, and genetic engineering.22,89,90

Regulatory DCs have potential utility as a plat-
form for prevention or therapy of a range autoim-
mune diseases, including type 1 diabetes, RA,
and multiple sclerosis (MS), as well as allergies,
transplantation, and graft-versus-host disease
(GVHD). The theoretical principles employed to
generate regulatory DCs in vitro are based mainly
on the mechanisms elucidated experimentally
which DCs use to maintain self-tolerance in the
healthy steady state. Thus, in vivo administration
of regulatory DCs may promote T-cell tolerance
through induction of antigen-specific T-cell 
apoptosis, anergy, or the generation of Tregs.18

In vitro, human DCs can be isolated directly
from peripheral blood, or generated in larger

numbers from peripheral blood monocytes or
bone marrow CD34+ hematopoietic precursor
cells.91–93 Alternatively, regulatory DCs can be
directly differentiated from embryonic stem
cells.94 This approach generates stable, long-term
DC cultures, which can be manipulated subse-
quently by viral or non-viral gene transfer.
Recently, Hirata et al. reported that treatment of
mice with embryonic stem cell DCs (ES-DCs)
presenting antigenic peptide in the context of
MHC class II and simultaneously expressing
immunosuppressive genes significantly reduced
the severity of central nervous system (CNS)
autoimmunity.95

USE OF DENDRITIC CELLS FOR TOLERANCE

Increasing evidence in humans and rodents
strongly suggests that immature or NF-kB- 
deficient DCs may control peripheral 
tolerance by inducing the differentiation of reg-
ulatory T cells.17,18,36,96 Thus, repetitive in vitro
stimulation of allogeneic human T cells with
immature, monocyte-derived DCs leads to the
generation of nonproliferating, suppressive, 
IL-10-producing Tregs.18 Dhodapkar et al. injected
autologous, monocyte-derived immature DCs,
pulsed with influenza matrix peptide and key-
hole limpet hemocyanin, subcutaneously in 
two human volunteers. They reported an 
antigen-specific inhibition of CD8+ T-cell 
killing activity and the appearance of peptide-
specific IL-10-producing T cells, accompanied by 
a decrease in the number of interferon 
(IFN)-g-producing T cells.17

CD40 is a key determinant of DC immuno-
genicity. Inhibition of the RelB transcription
factor or of CD40 itself produces regulatory 
DCs that are able to generate IL-10-producing 
T-regulatory cells in vivo.36 Conversely, tumor
antigen-specific immunity can be markedly
heightened by engineering DCs which are able
to express CD40 for prolonged periods in vivo.97

IL-10 and TGF-b produced by T-regulatory cells
may contribute to tolerance by limiting expres-
sion of MHC class II and costimulatory molecules
by DCs.18,96

In conjunction with decreased expression of
costimulatory molecules, expression of ILT3 and
ILT4 may be increased by regulatory DCs.98
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These Ig-like inhibitory receptors, related to NK
cell killer inhibitory receptors (KIRs), are up-
regulated by the APCs as a result of interaction
with CD8+CD28- regulatory T cells. These 
receptors negatively signal monocytes and 
DCs through immunoreceptor tyrosine-based
inhibitory motifs (ITIMs).99–101 CD4+ T-cell-
induced NF-kB activation of APCs is reduced in
the presence of CD8+CD28- T cells, potentially
through this signaling pathway.56

IL-10 is an important cytokine involved in the
generation of regulatory T cells by DCs.
Treatment of DCs with IL-10 can convert imma-
ture DCs into regulatory DCs by suppressing
NF-kB and therefore arresting maturation. This
drives the differentiation of IL-10 producing 
T regulatory type 1-producing cells in vitro and
in vivo.25,102,103 Human DCs exposed to IL-10
induce a state of antigen-specific anergy in CD4+
T cells and CD8+ T cells by similarly converting
DCs into an immuoregulatory state.104 IL-10
inhibits IL-12 production and costimulatory
molecule expression by DCs, giving rise to 
regulatory DCs.53

DCs could also be manipulated in situ to
induce peripheral tolerance. For example Flt3L,
a growth factor that expands DCs, enhanced the
induction of oral tolerance in vivo.105 In contrast,
treatment with Flt-3L increased the severity of
experimental autoimmune thyroiditis due to
enhanced Th1 responses, while GM-CSF either
prevented or significantly suppressed disease
development even at a late stage, due to
enhanced Th2 responses.106

THERAPEUTIC APPLICATIONS OF 
REGULATORY DENDRITIC CELLS

Animal models

Several procedures to induce tolerance have
been developed using either DCs modified as
just described, or different routes of DC admin-
istration. For example, subcutaneous (s.c.) injec-
tion of antigen-pulsed splenic DCs or epidermal
Langerhans cells induces antigen-specific immu-
nity, whereas intravenous (i.v.) injections of the
same preparation result in tolerance.107,108

Specific strategies for autoimmune diseases
might include the promotion of regulatory T-cell

development using regulatory DCs, or genetic
engineering of DCs to introduce molecules that
have immunosuppressive functions, such as 
IL-10, TGF-b, Fas-ligand, ILT3, and ILT4. Evidence
for the ability of DCs to suppress autoimmune
inflammatory disease so far comes from the
application of DCs to models of autoimmune
disease, as detailed below. Syngeneic DCs, with
or without exposure to autoantigens, have been
shown to inhibit the development of autoim-
mune diseases of the neuromuscular system,
such as experimental allergic encephalomyelitis
(EAE), autoimmune endocrinopathies, such as
type 1 diabetes, and models of autoimmune
arthritis, such as collagen-induced arthritis.

Neuromuscular diseases

After exposure to TGF-b in vitro, splenic DCs
from healthy syngeneic donor rats could transfer
suppression to recipients with EAE. In contrast,
TGF-b-exposed DCs from donor rats with EAE
had no effect when transferred. DCs were
administered 5 days after immunization of
Lewis rats with encephalitogenic myelin basic
protein peptide 68–86 (MBP68–86) and complete
Freund’s adjuvant (CFA), during the incipient
phase of EAE.109 S.C. injection of immature, but
not lipopolysaccharide (LPS)-treated, bone
marrow-derived DCs prior to immunization
also prevented EAE.110 TGF-b-modified DCs
similarly inhibited the development of clinical
signs of experimental autoimmune myasthenia
gravis (EAMG) in Lewis rats when given during
the incipient phase of EAMG.111

In autoimmune disease of the eye, peptide-
loaded immature DCs inhibited the production of
IFN-g by uveitogenic T cells and therefore the
induction of experimental autoimmune uveore-
tinitis (EAU) in vivo.112 Draining lymph node 
T cells secreted high levels of IL-10 and IL-15. In
another model, transfer of inter-photoreceptor
retinoid binding protein-pulsed TGF-b2-treated
APCs to inter-photoreceptor retinoid binding 
protein-immunized mice successfully suppressed
the induction of experimental uveoretinitis 
in mice.113

Myelin antigen-pulsed splenocytes were shown
to suppress EAE by selective induction of anergy
in encephalitogenic T cells.114 Regulatory APCs,
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generated by exposure to TGF-b2 and MBP anti-
gen, promoted development of CD8+ Tregs that
suppressed EAE.115 These results provide evi-
dence that DCs can induce tolerance in experi-
mental autoimmune diseases through effects on
responding T cells. In an alternative approach,
EAE could be prevented by i.v. injection of
splenic DCs exposed ex vivo to MBP and CTLA-
4-Ig fusion protein, presumably through ex vivo
blockade of CD28–CD80 interactions.116

In a number of models, repetitive intravenous
administration of so-called ‘semimature’ DCs,
prepared in vitro by exposure to TNF-a, induced
antigen-specific protection. TNF-a-DCs have
been shown to express high levels of MHC and T-
cell costimulatory molecules, but unlike mature
DCs, they produce low levels of proinflammatory
cytokines and are unable to secrete IL-12p70.
These DCs suppress EAE through generation of
autoantigen-specific IL-10-secreting CD4+ T
cells,117 possibly as a result of the lack of expres-
sion of costimulatory ‘signal 3’.118 Finally, DCs
exposed to TGF-b1 or IFN-g suppressed the onset
and relapses of EAE, in comparison with animals
receiving untreated DC or saline injections.119

Type 1 diabetes and diseases 
of the endocrine glands

In the NOD mouse model of diabetes, transfer of
DCs treated with IFN-g also induced long-last-
ing protection against type 1 diabetes mellitus.120

Transfer of pancreatic lymph node DCs also
suppressed the development of diabetes by the
induction of regulatory cells in NOD mice.121 In
other experiments, a single i.v. injection of syn-
geneic splenic DCs from euglycemic NOD mice
exposed to human IgG protected mice from dia-
betes. Supernatants of islets from these mice con-
tained increased levels of IL-4 and IL-10 and
diminished levels of IFN-g compared with dia-
betic controls, suggesting a favorable effect of
type 2 cytokines on disease.122

Mature bone marrow-derived DCs could also
prevent diabetes development in NOD, an effect
ascribed to the generation of CD25+CD4+ regula-
tory T cells, secreting Th2 cytokines.123 Bone
marrow-derived DCs generated in the presence
of NF-kB inhibitory oligo-dinucleotides or 
the soluble NF-kB inhibitor Bay11-7082 could
also prevent diabetes.124 (unpublished data).

However, no studies have demonstrated that
transferred DCs can ameliorate established type 1
diabetes in NOD mice.

Experimental autoimmune thyroiditis (EAT),
a murine model of Hashimoto’s thyroiditis in
humans, can be induced upon challenge of sus-
ceptible animals with thyroglobulin and adju-
vant.125 This disease is mediated by CD4+

T cells and is characterized by lymphocytic 
infiltration of the thyroid gland.126 DCs exposed
to TNF-a and antigen induced antigen-specific
CD4+CD25+ T cells with the ability to inhibit
development of EAT, confirming results 
previously published for a model of EAE.127

Arthritis

Several studies in experimental arthritis have
evaluated the therapeutic effect of DCs trans-
duced with various immunomodulatory genes.
Transduction of DCs with TNF-related apopto-
sis-induced ligand (TRAIL) was evaluated in
mice with collagen-induced arthritis (CIA).
TRAIL expression was controlled by a doxycy-
cline-inducible tetracycline response element.
Transfected DCs were capable of inducing apop-
tosis of arthritogenic T cells.128 Genetic modifica-
tion of primary DCs to express Fas-L, eliminated
or reduced the number of antigen-specific T 
cells responsible for the progression of CIA.129

Moreover, DCs transfected with Fas-L could
induce antigen-specific tolerance after exposure
to a peptide to which they had previously 
been sensitized. This observation provides evi-
dence that it may also be possible to delete
autoreactive T cells from the repertoire using
modified DCs.130

Adoptive transfer of immature DCs express-
ing IL-4 after adenoviral infection, into mice
with established CIA suppressed disease for up
to 4 weeks.131 Similarly, IL-4-transduced bone
marrow-derived DCs adoptively transferred
before disease onset reduced the incidence and
severity of murine CIA, whereas IL-4 delivery
by retrovirally transduced T cells and NIH 3T3
cells had no effect.132 Whereas each of these
approaches suppressed Th1-mediated T-cell and
antibody responses, they typically did not devi-
ate the immune response towards a Th2-type or
regulatory response. In contrast, DCs generated
in the presence of vasoactive intestinal 
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peptide (VIP) were able to suppress CIA in an
IL-10-dependent fashion.133 TNF-DCs also sup-
pressed CIA, when delivered i.v. in high doses,
in a partially IL-10-dependent manner.127 Both
TNF-DCs and VIP-DCs stimulate peripheral
conversion of CD4+CD25+ regulatory T cells and
Tr1-type Tregs. VIP has been shown to reduce
DC NF-kB activation and CD40 expression.133

Human studies

DC immunotherapy has been introduced in the
clinical trials, and has proven to be feasible, non-
toxic and effective in some patients with cancer,
particularly if the DCs have been appropriately
activated.134–136 In vivo activation and targeting
of DCs, as well as exploitation of DCs to sup-
press autoimmunity, will expand the application
of DCs to a wide variety of immune-mediated
diseases. However, a number of technical ques-
tions also need to be addressed in autoimmune
immunotherapy, including the frequency and
route of administration, the subset and number
of DCs to be used, and the concentration and
duration of cytokine treatment. For example,
while a single i.v. or s.c. dose of 0.5 ¥ 106 DCs
treated with an NF-kB inhibitor was sufficient to
suppress priming or antigen-induced arthritis,
TNF-treated DCs must be given repeatedly i.v.
in high doses.

Data relating to human DCs are scarce, but
certain studies have reported encouraging
results. Using a human in vitro model system,
immature DCs exposed to allospecific CD8+CD28-

T-suppressor cells or CD4+CD25+ Tregs exhib-
ited increased surface expression of the inhibitory
molecules ILT3 and 4.98 These human regulatory
DCs induced reversible anergy in unprimed or
primed T-helper cells, promoting the conversion
of alloreactive CD4+ T-cells to Tregs. Human
blood CD4+CD123+CD11c- precursor DCs can
be generated when cultured in the presence of 
IL-3.137–139 After in vitro activation by TNF-a, these
DCs promoted production of IL-4 and IL-10 by 
T cells.138 Such DCs have potential for the treat-
ment of autoimmune diseases and acute GVHD.140

Peripheral blood monocyte-derived DCs,
exposed to IFN-b, secrete high levels of IL-10 but
low levels of IL-12, and suppress IFN-g produc-
tion by mononuclear cells.141 DCs from MS
patients treated with IFN-b in vivo produced less

IFN-g and TNF-a than DCs from control
patients.142 These findings suggest that exposure
of DCs to IFN-b and IL-10 may curtail the pro-
duction of proinflammatory cytokines, and after
re-infusion, such DCs may represent a promis-
ing direction for therapy of MS. Signaling
through NF-kB was also shown to determine the
capacity of DCs to stimulate T-cell proliferation
in vitro, in that CD40- human monocyte-
derived DCs generated in the presence of an 
NF-kB inhibitor, signal little T-cell proliferation
or IFN-g production.143

In a human study of two healthy volunteers,
in vivo responses to recall antigens were sup-
pressed when normal volunteers were injected
with antigen-exposed immature DCs.17 This
effect was linked to the generation of regulatory
type CD4+ and CD8+ T cells and the production
of IL-10, and is in marked contrast to the active
immunity that can be achieved with mature
DCs. This small study is the only clinical 
evidence to date illustrating the potential of
immature DCs as a tool for immunosuppression.
However, it is not yet clear whether this poten-
tial will translate into patients with immune
system defects that have led to the development
of spontaneous autoimmune disease. DC modi-
fied by differentiation in the presence of an 
NF-κB inhibitor, Bay 11-7082 suppressed antigen-
induced arthritis is an antigen-specific fashion,
even after disease was fully clinically expressed.155

Route of injection

Studies analysing in vivo biodistribution of
labeled DCs demonstrated that DCs injected i.v.
localize to the lungs, followed by redistribution
to the liver, spleen, and bone marrow, but not
lymph nodes. After s.c. administration, DCs
preferentially accumulate in the T-cell areas of
the draining lymph nodes.44 To a lesser extent,
DCs are also found in the abdominal draining
lymph nodes after i.p. administration.

BLOCKING DENDRITIC CELL FUNCTION 
IN RHEUMATIC DISEASE

Patients with SLE have been shown to display
major alterations in DC homeostasis in that 
plasmacytoid DCs are reduced in blood and
IFN-a-activated monocytes from these patients
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are effective APCs in vitro.145 It was speculated
that monocyte-derived DCs might efficiently
capture apoptotic cells and nucleosomes, pres-
ent in SLE patients’ blood and tissues.146 In view
of the high levels of IFN-a in serum, and its
detrimental effects in SLE, IFN-a is being devel-
oped as a potential target for therapeutic inter-
vention in SLE.147 IFN-a activates not only
myeloid cells, including monocytes and myeloid
DCs, but also plasmacytoid DCs themselves,
which are enriched in the inflammatory site in
SLE skin lesions.148 Of interest, the RNA compo-
nents of the Ro 60 and Sm/RNP small ribonucleo-
protein autoantigens have recently been shown
to act as endogenous adjuvants which stimulate
plasmacytoid DC (PDC) maturation and type I
IFN production.149–151 Type I IFN production by
PDCs can also be triggered in cutaneous LE by
UV light, which stimulates local production of
chemokines for T cells and PDCs.

Other investigators have suggested the block-
ade of chemokines or chemokine receptors 
for inhibition of the ectopic lymphoid develop-
ment characteristic of the chronic inflammatory
response in RA and other autoimmune rheu-
matic diseases. Thus, DCs in perivascular, T-cell
enriched areas of synovial tissue are associated
with CCL19 and 21 expression and are charac-
terized by CCR7 expression, and immature DCs
in the lining and sublining layers are character-
ized by CCR6 expression and are associated
with CCL20 expression.152 It remains to be seen
whether such treatments might be effective in
animal models. However, ectopic expression of
CCL19 is sufficient for formation of lymphoid
tissue.153 Similarly, BCA-1/CXCL13 is found,
predominantly in follicular DCs, in germinal
centers in RA synovium. B cells aggregate in
these regions, likely attracted by the FDCs.154 The
data suggest that blockade of these chemokines
would have a marked but potentially toxic effect
on the process of lymphoid tissue development
in synovial tissue.

CONCLUSION

Restoration of tolerance to self-antigens is cur-
rently an exciting field. After many years in the
doldrums, progress in our understanding of
how T-cell regulation occurs, how to control the

APCs for generation of regulation, and the
nature of the autoantigens driving rheumatic
diseases has recently surged ahead. DCs are an
attractive target to attenuate immune responses
in autoimmune diseases. The plasticity of DCs
provides a wide platform, enabling expansion of
DCs, modification of DC function, and promo-
tion of immunity towards a predicted direction.
Further detailed understanding of the pheno-
type and function of DCs may aid the develop-
ment of therapeutic strategies in future clinical
application. There are still challenges, not least
of which is the commercial development of DCs
or regulatory T-cell therapy for widespread use
in patients with autoimmune disease, including
issues of product quality control, cost, broad 
distribution, and business modelling. In this
regard, a significant challenge remains to
develop cell-free antigen-specific therapy to
target APCs with appropriate autoantigens and
immunomodulators in vivo. However, convinc-
ing clinical trial evidence that the principles of
antigen-specific therapy using DCs that are
already demonstrated in animal models can
actually work in practice in patients with spon-
taneous autoimmunity would be a very good
starting point.
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INTRODUCTION

Osteoclasts are the primary bone resorbing cells,
which are essential for the remodelling of bone
throughout life.1 These composite structures are
the product of up to 20 single cells having fused
to form a syncytium. Osteoclasts enable the
shaping of bone architecture in early life,
remodel the skeleton during adulthood, and
pave the way to bone loss in the senium.
Osteoclasts have two pivotal molecular charac-
teristics, which enable them to resorb bone. First,
a proton/protein pump, which is molecularly
characterized as a vacuolar ATPase. This pump
creates an acidic milieu between the osteoclast
surface (termed ruffled border) and the bone
surface, which allows the cell to solubilize cal-
cium from the bone matrix. Second, matrix
enzymes like matrix metalloproteinases (MMPs)
as well as cathepsins, cleave matrix molecules
such as collagen type-1 and thus remove the
non-mineralized substances from bone. These
two specificities of the osteoclasts allow them to
invade bone and create a resorption pit, which
can later be filled up by osteoblasts synthesizing
new bone matrix.

Osteoclasts are highly specified cells, which
are particularly designed to degrade bone, a job
that cannot be done by other cell types in a 
similar manner. Importantly, generation of
osteoclasts is linked to the presence of bone,
since these cells are not found at places where no
mineralized tissue is present, meaning that bone

provides key differentiation signals for these
cells to develop. Osteoclasts are hematopoietic
cells stemming from the monocytic lineage and
undergo a series of differentiation steps until they
ultimately end up as activated osteoclasts, which
stick to bone and start resorbing it (Figure 7.1).

BONE LOSS IN RHEUMATIC DISEASES

Local bone destruction and systemic bone loss
are frequently observed conditions in rheumatic
diseases.2 Patients with arthritis usually suffer
from several risk factors for accelerated bone
loss such as physical disability and long-term
use of glucocorticoids, which can speed up bone
loss.3 As a consequence, the prevalence of osteo-
porosis in patients with rheumatic diseases is
high and fracture risk is significantly increased
at axial as well as peripheral skeletal sites.4,5

Importantly, inflammation per se is a strong risk
factor for increased skeletal breakdown in rheu-
matic diseases. This is based on the fact that
inflammation is associated with the production
of proinflammatory cytokines, which not only
fuel the inflammatory process but also trigger
the generation of osteoclasts. Cytokines such as
tumor necrosis factor (TNF)-a and interleukin
(IL)-1 are important triggers for osteoclast 
formation and can explain the link between
inflammation and osteoporosis.6 Parameters 
of bone resorption are increased in conditions
such as rheumatoid arthritis (RA), indicating a
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systemically elevated level of bone resorption as
a consequence of inflammation. Bisphosphonates,
which are the most well known drugs to inter-
fere with the function of osteoclasts, can indeed
maintain bone density in patients with RA.7 The
deteriorative effect of systemic inflammation on
bone is best illustrated by the finding that even
differences in the lower range of the serum level
of C-reactive protein are decisive for fracture
risk (G. Schett, unpublished observation). This
suggests that even a small increase in systemic
inflammation leads to production of proinflam-
matory cytokines, which suffice to create a 
negative effect on bone balance.

JOINT DESTRUCTION

Apart from this systemic bone loss, chronic
arthritis is complicated by the destruction of the
joint architecture, composed of resorption of
juxta-articular bone as well as destruction of the
articular cartilage. This destructive phenotype of
inflammatory rheumatic diseases such as RA
and psoriatic arthritis contributes to a high
burden, which leads to an inability to accom-
plish activities of daily life.8 This clinical aspect
is based on the ability of inflammatory tissue to
build up osteoclasts.9,10 Cells within the synovial
tissue express factors such as macrophage
colony stimulating factor (MCSF) as well as

receptor activator of NF-kB ligand (RANKL),
which are critical for osteoclast development.11,12

These factors are regulated by proinflammatory
cytokines such as TNF-a as well as IL-1, IL-6,
and IL-17, which can up-regulate the expression
of RANKL in the synovial tissue. In fact, RANKL
is up-regulated in experimental models of arthri-
tis as well as human RA and psoriatic arthri-
tis.11,13,14 In addition, MCSF, the second essential
factor for osteoclast formation, is also inducibly
expressed in inflamed joints.12

In human disease, osteoclasts and their pre-
cursors are found within the synovial tissue
close to the bone surface and also within the
resorption pits of cortical bone.9 There is a clear
gradient in differentiation steps of the osteoclast
within the synovial inflammatory tissue, show-
ing a more differentiated phenotype the closer to
the bone surface they are found. Osteoclast pre-
cursors within the synovium are mononuclear
cells but are already committed to the osteoclast
lineage. The high number of monocytic cells in
the inflamed tissue facilitates accumulation of
osteoclast precursors, which are typically CD68+

and express tartrate-resistant acid phosphatase
(TRAP), a key enzyme of the osteoclast. After
further differentiation steps osteoclasts also
express the calcitonin receptor, which is a highly
specific molecule for the osteoclast lineage.
Enzymes such as cathepsin K are also expressed
by mononuclear cells within the synovial tissue;
however, they are not completely confined to
the osteoclast lineage, since synovial fibroblasts
have the capacity to express cathepsin K.15 From
sections of samples of joint replacement surgery
it is evident that osteoclasts invade the mineral-
ized cartilage as well as the cortical bone, both of
which are localized underneath the unmineral-
ized surface cartilage. These holes are then filled
by inflammatory tissue also called the pannus
(Figure 7.2). Similar observations have been
made in all the relevant animal models for RA
such as collagen-induced arthritis, adjuvant-
induced arthritis, and the serum transfer model
of arthritis, as well as mice transgenic for human
TNF. From these models it is evident that osteo-
clast formation is an early and rapidly occurring
process, which starts right at the onset of arthritis
and leads to a fast resorption of the juxta-
articular bone.16 Experiments that have induced
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Figure 7.1 Osteoclasts are giant cells that contain multiple

nuclei (blue) and attach tightly to bone by forming a ring-shaped

structure containing actin (red).
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arthritis in osteoclast-free models such as the 
c-fos knockout mice,17 or mice deficient in either
rankl or rank have shown that osteoclasts are
essential for joint destruction.18,19 In these
models no osteoclasts can be built up, which not
only results in osteopetrosis but also in a com-
plete protection of the joint from bone damage.
Inflammatory signs of arthritis are not affected
by the removal of osteoclasts, suggesting that
osteoclasts are strictly linked to bone damage
but not to the inflammatory features of arthritis.

TARGETED THERAPIES FOR THE OSTEOCLAST

Considering the fact that increased bone resorp-
tion and formation of osteoclasts not only con-
tribute to an increased systemic bone loss but
also to structural damage of joints, pharmaco-
logic inhibition of the osteoclast is an attractive
tool to preserve the skeleton from inflammatory
damage. In fact, anti-inflammatory drugs such
as TNF-blockers are potent inhibitors of inflam-
matory joint destruction.20,21 Thus, clinical trials
with TNF-blockers have shown an arrest of pro-
gression of radiological bone damage and this
effect even extends to the population of patients

who did not achieve a significant clinical
response according to the ACR (American
College of Rheumatology) criteria. This suggests
that TNF-blockers have a potential to preserve
bone, which goes beyond their anti-inflammatory
properties. In fact, TNF is a potent stimulator of
RANKL as well, as it directly interacts with the
osteoclast through TNF-RI.22 Thus, blockade of
TNF may not only decrease the burden of
inflammation in the joint but also directly inter-
fere with osteoclast formation. This has been
shown in animal models of arthritis;23 however,
direct proof in human disease is difficult since
there is only limited accessibility to the invasion
front. How targeted therapies in RA such as IL-
1, IL-6, or costimulation blockade, as well as the
depletion of B-cells, affect osteoclast formation
in the joint is far less clear. IL-1 and IL-6 can
induce osteoclastogenesis, suggesting that effec-
tive blockade of these cytokines could also lead
to additive structural benefits.

Bisphosphonates in inflammatory joint disease

The best studied drugs to inhibit osteoclast-
mediated bone resorption are bisphosphonates.
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Figure 7.2 Inflammatory tissue can form osteoclasts. Osteoclasts emerge from monocytes, attach to bone, and form resorp-

tion pits. Characteristic features are the expression of tartrate-resistant acid phosphatase (TRAP) visualized in the upper panel

as well as the calcitonin receptor depicted in the lower panel.
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Due to modifications by insertion of nitrogen
moieties bisphosphonates have increased in
their potency to inhibit bone resorption.24 The
exact mechanism by which bisphosphonates
hamper resorption of bone by the osteoclast is
not fully elucidated, but it is commonly accepted
that they accumulate in bone and are taken up
by osteoclasts and subsequently prevent osteo-
clast function, possibly due to interference with
the mevalonate pathway. Bisphosphonates are
very effective in increasing systemic bone mass
and reduce the incidence of osteoporotic frac-
ture. Interestingly, when bisphosphonates such
as zolendronic acid are administered to arthritic
mice, they protect them from inflammatory bone
erosions.25 This suggests that bisphosphonate
therapy might also serve as a tool to interfere
with structural damage in the joint, which
exceeds their known role in maintaining sys-
temic bone mass during inflammatory joint dis-
ease. However, the doses of bisphosphonates
that have to be used to inhibit structural damage
are rather high as compared with those needed
to protect from systemic bone loss. This suggests
that such an approach might not be easy to
accomplish in human disease, which could
explain the inconclusive picture of the value of
bisphosphonates to protect from inflammatory
joint damage, as reviewed by Goldring and
Gravallese.26 It is conceivable that the dose of
bisphosphonates used to block inflammatory
bone erosion could be similar to the dose that

protects from bone metastasis and which is
higher than the dose used to treat osteoporosis.
These differences may be based on a higher 
differentiation rate of osteoclasts during inflam-
matory disease or differences in the variations of
susceptibility of different skeletal sites to take up
bisphosphonates.

RANKL blockade

Other potential targets to inhibit synovial osteo-
clast formation are the ligand–receptor pair
RANKL and RANK. RANKL is not only critical
for the formation of osteoclasts but also for their
activity.27,28 Due to an imbalance of RANKL as
compared with its natural antagonist osteopro-
tegenin (OPG) in the inflamed joint, inhibition of
RANKL could be an effective tool to preserve
joints from an inflammatory attack. There is
extensive experience in using OPG as a blocker
of RANKL in animal models of arthritis. In all
relevant animal models of arthritis administra-
tion of OPG results in an almost complete pro-
tection of the articular bone and disappearance
of osteoclasts from the inflamed synovium
(Figure 7.3).29–31 In contrast, inflammation is not
affected by the inhibition of RANKL. Thus, inhi-
bition of RANKL appears to selectively inhibit
structural damage in the joint by sparing inflam-
matory disease activity. As a consequence,
blockade of RANKL needs to be done in combi-
nation with a potent anti-inflammatory approach
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No treatment OPG treated

Figure 7.3 Adjuvant-induced arthritis leads to rapid resorption of bone (left) by recruiting numerous osteoclasts (brown cells),

as depicted by the expression of cathepsin K. Blockade of receptor agonist of NF-κB ligand (RANKL) by osteoprotegerin (OPG)

completely blocks osteoclast formation and bone resorption (right).
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to control synovitis. Whether RANKL inhibition
is also effective to protect human joints from
inflammatory damage remains to be elucidated.
Currently, the best studied drug interfering with
RANKL is a neutralizing human antibody
termed denosumab (formerly AMG162), which
is highly effective in suppressing bone resorp-
tion within days of administration.32 Currently a
phase II trial is testing the efficacy of denosumab
to inhibit inflammatory bone erosions in arthri-
tis. Inhibition of RANKL may thus provide an
effective tool to preserve joints from inflamma-
tory damage. Other molecular targets that can be
targeted by drug therapy are enzymes which
solubilize the bone matrix, such as cathepsin K.33

Inhibitors of cathepsin K are currently being
tested for the feasibility to increase bone mass in
human in phase II trials; however, no data are
available on their role in inflammatory arthritis
so far.

Other targets

Other potential targets are the attachment of the
osteoclast to bone, which is based on matrix-
binding molecules such as the avb3 integrin.
Neutralizing antibodies have been developed
which block avb3 integrin; however, as with
cathepsin K inhibitors, the role in inflammatory
bone loss is still elusive.34 Another interesting
target is the vacuolar ATPase that is responsible
for creating an acidic milieu necessary to remove
calcium from bone.35 This ATPase cannot be
blocked by classical proton pump inhibitors
used for interefering with acid production in the
stomach, but selective inhibitors of this struc-
turally different proton pump of the osteoclast
are in development.

SUMMARY

During the past 10 years osteoclasts have been
rediscovered as an important cell type in the
inflammatory tissue of chronic arthritis. As
hematopoietic cells, osteoclasts are part of the
armada of cells trafficking from the bone
marrow to the inflamed joint. Upon terminal 
differentiation they fulfil a very selective job,
which is the degradation of mineralized tissue
next to the joint. Whereas self-limiting arthritis

cannot produce osteoclasts in a proper way,
chronic arthritis leads to a stable accumulation
of cells in the synovial space, which are exposed
to signals such RANKL long enough to differen-
tiate into osteoclasts. Osteoclasts are essential for
bone degradation in arthritis, although they
depend on the help of activated T cells or syn-
ovial fibroblasts, which provide the essential sig-
nals to grow them.30,36 Based on the highly
specialized phenotype of the osteoclasts these
cells are thus an objective and feasible target for
future drug therapies in arthritis.

REFERENCES

1. Teitelbaum SL. Bone resorption by osteoclasts. Science
2000; 289: 1504–8.

2. Goldring SR, Gravallese EM. Pathogenesis of bone ero-
sions in rheumatoid arthritis. Curr Opin Rheumatol
2000; 12: 195–9.

3. Kirwan JR. The effect of glucocorticoids on joint
destruction in rheumatoid arthritis. The Arthritis and
Rheumatism Council Low-Dose Glucocorticoid Study
Group. N Engl J Med 1995; 333: 142–6.

4. Woolf AD. Osteoporosis in rheumatoid arthritis – the
clinical viewpoint. Br J Rheumatol 1991; 30: 82–4.

5. Spector TD, Hall GM, McCloskey EV, Kanis JA. Risk of
vertebral fracture in women with rheumatoid arthritis.
BMJ 1993; 306: 558.

6. Azuma Y, Kaji K, Katogi R, Takeshita S, Kudo A. Tumor
necrosis factor-alpha induces differentiation of and
bone resorption by osteoclasts. J Biol Chem 2000; 275:
4858–64.

7. Eggelmeijer F, Papapoulos SE, van Paassen HC et al.
Increased bone mass with pamidronate treatment in
rheumatoid arthritis. Results of a three-year randomized,
double-blind trial. Arthritis Rheum 1996; 39: 396–402.

8. Scott DL, Pugner K, Kaarela K et al. The links between
joint damage and disability in rheumatoid arthritis.
Rheumatology (Oxford) 2000; 39: 122–32.

9. Gravallese EM, Harada Y, Wang JT et al. Identification
of cell types responsible for bone resorption in rheuma-
toid arthritis and juvenile rheumatoid arthritis. Am 
J Pathol 1998; 152: 943–51.

10. Bromley M, Woolley DE. Chondroclasts and osteoclasts
at subchondral sites of erosion in the rheumatoid joint.
Arthritis Rheum 1984; 27: 968–75.

11. Gravallese EM, Manning C, Tsay A et al. Synovial
tissue in rheumatoid arthritis is a source of osteoclast
differentiation factor. Arthritis Rheum 2000; 43: 250–8.

12. Seitz M, Loetscher P, Fey MF, Tobler A. Constitutive
mRNA and protein production of macrophage colony-
stimulating factor but not of other cytokines by 

OSTEOCLASTS 83

9781841844848-Ch07  8/10/07  10:56 AM  Page 83



synovial fibroblasts from rheumatoid arthritis and
osteoarthritis patients. Br J Rheumatol 1994; 33: 613–19.

13. Stolina M, Adamu S, Ominsky M et al. RANKL is a
marker and mediator of local and systemic bone loss in
two rat models of inflammatory arthritis. J Bone Miner
Res 2005; 20: 1756–65.

14. Ritchlin CT, Haas-Smith SA, Li P, Hicks DG, Schwartz
EM. Mechanisms of TNF-alpha- and RANKL-mediated
osteoclastogenesis and bone resorption in psoriatic
arthritis. J Clin Invest 2003; 111: 821–31.

15. Hummel KM, Petrow PK, Franz JK et al. Cystein pro-
teinase cathepsin K mRNA is expressed in synovium of
patients with rheumatoid arthritis and is detected at
sites of synovial bone destruction. J Rheum 1998; 25:
1887–94.

16. Schett G, Stolina M, Bolon B et al. Analysis of the kin-
etics of osteoclastogenesis in arthritic rats. Arthritis
Rheum 2005; 52: 3192–201.

17. Redlich K, Hayer S, Ricci R et al. Osteoclasts are essen-
tial for TNF-alpha-mediated joint destruction. J Clin
Invest 2002; 110: 1419–27.

18. Pettit AR, Ji H, von Stechow D et al. TRANCE/RANKL
knockout mice are protected from bone erosion in a
serum transfer model of arthritis. Am J Pathol 2001; 159:
1689–99.

19. Li P, Schwarz EM, O’Keefe et al. RANK signaling is not
required for TNF-mediated increase in CD11(hi) osteo-
clast precursors but is essential for mature osteoclast
formation in TNF-alpha-mediated inflammatory arthritis.
J Bone Miner Res 2004; 19: 207–13.

20. Elliott MJ, Maini RN, Feldmann M et al. Randomised
double-blind comparison of chimeric monoclonal anti-
body to tumour necrosis factor alpha (cA2) versus placebo
in rheumatoid arthritis. Lancet 1994; 344: 1105–10.

21. Lipsky PE, van der Heijde DM, St Clair EW et al.
Infliximab and methotrexate in the treatment of
rheumatoid arthritis. Anti-Tumor Necrosis Factor Trial
in Rheumatoid Arthritis with Concomitant Therapy
Study Group. N Engl J Med 2000; 343: 1594–602.

22. Lam J, Takeshita S, Barker JE et al. TNF-alpha induces
osteoclastogenesis by direct stimulation of macrophages
exposed to permissive levels of RANK ligand. J Clin
Invest 2000; 106: 1481–8.

23. Zwerina J, Hayer S, Tohidast-Akrad M et al. Single and
combined inhibition of tumor necrosis factor, inter-
leukin-1, and RANKL pathways in tumor necrosis
factor-induced arthritis: effects on synovial inflammation,

bone erosion, and cartilage destruction. Arthritis
Rheum 2004; 50: 277–90.

24. Watts NB. Pharmacology of agents to treat osteoporosis.
In: Favus MJ, ed. Primer on the Metabolic Bone
Diseases and Disorders of Mineral Metabolism, 4th ed.
Philadephia: Lippincott Williams & Wilkins, 1999: 52,
278–83.

25. Herrak P, Gortz B, Hayer S et al. Zoledronic acid 
protects against local and systemic bone loss in tumor
necrosis factor-mediated arthritis. Arthritis Rheum
2004; 50: 2327–37.

26. Goldring SR, Gravallese EM. Bisphosphonates: envi-
ronmental protection for the joint? Arthritis Rheum
2004; 50: 2044–7.

27. Lacey DL, Timms E, Tan HL et al. Osteoprotegerin
ligand is a cytokine that regulates osteoclast differenti-
ation and activation. Cell 1998; 93: 165–76.

28. Kong YY, Yoshida H, Sarosi I et al. OPGL is a key regu-
lator of osteoclastogenesis, lymphocyte development and
lymph-node organogenesis. Nature 1999; 397: 315–23.

29. Redlich K, Hayer S, Maier A et al. Tumor necrosis factor
a-mediated joint destruction is inhibited by targeting
osteoclasts with osteoprotegerin. Arthritis Rheum 2002;
46: 785–92.

30. Kong YY, Feige U, Sarosi I et al. Activated T cells regu-
late bone loss and joint destruction in adjuvant arthritis
through osteoprotegerin ligand. Nature 1999; 402:
304–9.

31. Romas E, Gillespie MT, Martin TJ. Involvement of
receptor activator of NFkB ligand and tumor necrosis
factor-a in bone destruction in rheumatoid arthritis.
Bone 2002; 30: 340–6.

32. McClung MR, Lewiecki EM, Cohen SB et al. AMG 162
Bone Loss Study Group. Denosumab in postmenopausal
women with low bone mineral density. N Engl J Med
2006; 354: 821–31.

33. Yasuda Y, Kaleta J, Bromme D. The role of cathepsins in
osteoporosis and arthritis: rationale for the design of
new therapeutics. Adv Drug Deliv Rev 200; 57: 973–93.

34. Wilder RL. Integrin alpha V beta 3 as a target for 
treatment of rheumatoid arthritis and related rheumatic
diseases. Ann Rheum Dis 2002; 61: 96–9.

35. Farina C, Gagliardi S. Selective inhibition of osteoclast
vacuolar H(+)-ATPase. Curr Pharm 2002; 8: 2033–48.

36. Shigeyama Y, Pap T, Kunzler P et al. Expression of
osteoclast differentiation factor in rheumatoid arthritis.
Arthritis Rheum 2000; 43: 2523–30.

84 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch07  8/10/07  10:56 AM  Page 84



8

Cell contact dependence of 
inflammatory events
Danielle Burger, Jean-Michel Dayer and Nicolas Molnarfi

Introduction • Monocytes/macrophages • Different ways of activating monocytes/macrophages •
Monocytes/macrophages in chronic/sterile inflammation • T-cell signaling of monocytes/macrophages 
by direct cell–cell contact • Cell surface molecules involved in contact-mediated monocyte activation •
Intracellular pathways involved in cytokine production by monocytes/macrophages • Stimulated T-cell 
contact-mediated activation of monocytes/macrophages as a potential therapeutic target in autoimmune chronic
inflammatory diseases • Impact of gender on contact-mediated activation of monocytes/macrophages • T-cell
contact-mediated activation of other cell types involved in RA • Conclusions • Acknowledgments • References

INTRODUCTION

Inflammation is a normal response of living tis-
sues to mechanical injury, invasion by microor-
ganisms, and chemical toxins. The main goal of
the inflammatory response is to protect the
organism by getting rid of the initial cause of cell
injury (e.g. microorganisms or toxins) and the
consequences of such injury (e.g. necrotic cells
and tissues), and in turn to initiate mechanisms
aimed at repairing surrounding tissues that
were damaged by injury. Inflammation has to be
tightly controlled in time and space to avoid
detrimental developments such as those seen in
sepsis and chronic inflammatory diseases
including rheumatoid arthritis (RA). Indeed, in
chronic inflammation, which is an inflammation
of prolonged duration, tissue destruction and
attempts at repair occur simultaneously. In RA,
the outcome is joint cartilage and bone destruc-
tion together with accumulation of fibrotic tissue
due to synovial cell proliferation and infiltration,
angiogenesis, and fibrosis. It has been assumed
for a long time that the proinflammatory
cytokines tumor necrosis factor (TNF) and 
interleukin-1b (IL-1b) play an important part in

RA progression. This was confirmed since
inhibitors of these cytokines are now success-
fully used for clinical treatment. Indeed, to
restrain inflammation, proinflammatory reac-
tions are closely interconnected with counter-
regulatory anti-inflammatory pathways. In the
extracellular space this function is fulfilled by
specific inhibitors generated by the shedding of
cell surface receptors, e.g. soluble TNF receptors,
soluble IL-1 receptor II and IL-1 receptor acces-
sory protein, and the release of secreted IL-1
receptor antagonist (sIL-1Ra). All these effectors
are mainly produced by monocytes/macrophages,
which together with T lymphocytes, are an
important part of cellular infiltrate of joints in
RA. This chapter reviews the state of the art of
the mechanisms underlying the production of
proinflammatory cytokines and cytokine
inhibitors in chronic inflammation.

In many chronic inflammatory diseases,
inflammation is characterized by the influx into
the target tissue of immune cells such as T and B
lymphocytes, granulocytes, and mononuclear
phagocytes. The influx of inflammatory cells is
associated with the proliferation of invading and
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resident cells and frequently with destruction
and remodeling of the extracellular matrix.
Tissue destruction is mainly achieved by pro-
teases, including matrix metalloproteinases
(MMPs). The expression of these proteases and
their inhibitors is ruled by many factors includ-
ing soluble factors (i.e. cytokines, hormones),
contact with extracellular matrix components,
and direct cell–cell contact. In pathological con-
ditions, the production of cytokines and pro-
teases by infiltrating and resident tissue cells
escapes regulatory mechanisms. The activity of
pro-inflammatory cytokines is counterbalanced
by numerous mechanisms of which specific
cytokine inhibitors, e.g. sIL-1Ra, IL-1 soluble
receptor II (IL-1-sRII), soluble IL-1 receptor
accessory protein (sIL-1RAcP), and TNF soluble
receptors (TNFsR). It is generally acknowledged
that the imbalance between cytokines and their
respective inhibitors is responsible for the per-
sistence of chronic inflammatory conditions and
maybe even necessary for their initiation.1,2 There
is now considerable evidence that cytokines such
as TNF and IL-1b are involved in many diseases
resulting in tissue destruction. This has been
demonstrated conclusively by human clinical
trials in RA in which the blockade of TNF but
also of IL-1 resulted in clinical improvement.3–5

Cytokine blockade in the clinic has also 
proved useful in many other diseases including
juvenile idiopathic arthritis, Crohn’s disease, 
spondyloarthropathy, vasculitis, and psoriasis.6–13

MONOCYTES/MACROPHAGES

Proinflammatory cytokines such as IL-1b and TNF
are mainly produced by cells of the monocyte/
macrophage lineage. Monocytes/ macrophages
play different parts in T-cell-mediated inflamma-
tory diseases. Indeed, they function as proinflam-
matory cells, as accessory cells for T-cell activation,
as effector cells that mediate tissue damage, and as
anti-inflammatory cells that promote tissue
repair. In general, monocytes display marked
functional plasticity.14 Blood monocytes are
young cells that already possess migratory,
chemotactic, pinocytic, and phagocytic activities,
as well as receptors for IgG Fc-domains (FcgR)
and iC3b complement. During migration into tis-
sues, monocytes undergo further differentiation

into multifunctional tissue macrophages.
Although monocytes are currently considered to
be immature macrophages, they tend to repre-
sent the circulating macrophage population and
should be considered fully competent in their
location, able to change phenotype in response
to factors encountered in specific tissue after
migration. Macrophages can be classified into
normal/resident and inflammatory/infiltrating
macrophages. Resident macrophages are found
in connective tissue (histiocytes), liver (Kupffer’s
cells), lung (alveolar macrophages), lymph
nodes (free and fixed macrophages), spleen (free
and fixed macrophages), bone marrow (fixed
macrophages), serous fluids (pleural and 
peritoneal macrophages), skin (histiocytes,
Langerhans cells), central nervous system
(microglial cells), and in other organs of the
reticuloendothelial system.15 The macrophage
population of a given tissue is maintained due to
influx of monocytes from the circulating blood,
local proliferation, and biological turnover.
Under normal steady-state conditions, the
renewal of tissue macrophages occurs through
local proliferation of progenitor cells and not via
monocyte influx.16–18 Monocytes selectively
home to different tissues, presumably under the
influence of chemokines or other tissue-specific
homing factors.19 Upon entry into a tissue,
maturing monocyte/macrophages migrate into
the parenchyma, the environment of which sig-
nificantly influences the function of macrophages –
so macrophages localized in different tissues
display different patterns of function.20,21 Upon
inflammatory insult to the tissue, resident
macrophages contribute to the innate immune
response by expressing a wide variety of inflam-
matory and effector activities, the pattern of
which is differentially regulated by the micro-
environment of the various tissues. Moreover,
priming of macrophages is a very effective 
first step towards full-scale activation. Upon
priming, cells are educated by an initial insult,22

and thus prepared for subsequent second
insults, in such a manner that the priming alters
or modulates cell response to the secondary
stimulation. Both monocytes and macrophages
are renowned for their apparent phenotypic 
heterogeneity and for the diversity of their 
activities.23,24
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The classical immunophenotypic marker for
monocytes is CD14, the receptor for complexes
of lipopolysaccharides (LPS) and LPS-binding
protein.25 Human peripheral blood monocytes
differ in phenotype and function in that they
could be divided into two major populations
that express or do not express CD16, the low
affinity Fc-g receptor III.26 The CD14+/CD16+

subpopulation of monocytes represents approx-
imately 10% of total blood monocytes.
Compared with the major subpopulation of
CD14++ monocytes, this subpopulation is charac-
terized by the enhanced expression of MHC
class II determinants, and an increased ability to
produce proinflammatory cytokines (TNF, IL-
1b, IL-6) following stimulation by TLRs ago-
nists.27,28 The CD14+CD16+ subset of peripheral
blood monocytes is also thought to be a transi-
tional stage in the development of monocytes to
either macrophages or dendritic cells (DCs).29–31

Consistent with this notion, an expansion of the
CD14+CD16+ population has been found in sep-
ticemia32 and other infectious or inflammatory
disorders.29 However, the latter phenotypic switch
is still controversial in RA33,34 and has so far not
been observed in multiple sclerosis (MS).35,36

As stated above, cells of the monocyte/
macrophage lineage are heterogeneous and as
such are engaged in a variety of activities that
may appear conflicting: proinflammatory versus
anti-inflammatory activities, immunogenic versus
tolerogenic activities, and tissue-destructive
versus tissue-restorative activities.23,24,37,38

To date, monocyte/macrophage heterogeneity
is considered to reflect the plasticity and versa-
tility of these cells in response to exposure to
microenvironmental signals.

DIFFERENT WAYS OF ACTIVATING
MONOCYTES/MACROPHAGES

Consistent with the premise that monocytes/
macrophages can display opposite activities, the
activation pathways leading to such activities
vary according to tissue distribution and respon-
siveness to endogenous and exogenous stimuli.
As recently reviewed,37 activation of macrophages
can be classified into five categories as follows.
(a) Innate activation in which macrophages are
activated by microbial stimuli, giving rise to the

production of low molecular weight metabolites
and proinflammatory and/or anti-inflammatory
cytokines. (b) Humoral activation in which
macrophages are activated via occupancy of 
FcR and complement receptors, giving rise 
to cytolytic activity and the production of 
proinflammatory and/or anti-inflammatory
cytokines. (c) Classical activation consisting of
interferon (IFN)-g-dependent priming/activa-
tion of macrophages which after exposure 
to microbes/LPS produce proinflammatory
cytokines (IL-1, TNF, IL-6), nitric oxide (NO),
and respiratory burst that in turn lead to major
histocompatibility complex (MHC) class II
expression, microbicidal activity, tissue damage,
cellular immunity, and delayed-type hypersen-
sitivity (DTH). (d) Alternative activation mediated
by the recruitment of IL-4 receptor-a by IL-4 and
IL-13 that, upon antigen endocytosis, triggers
the expression of MHC class II and mannose
receptor and in turn leads to the involvement of
macrophages in humoral immunity, allergic 
and anti-parasite response, and repair (arginase).
(e) Innate/acquired deactivation occurring through
the uptake of apoptotic cells or lyzosomal stor-
age of host molecules which induce an anti-
inflammatory response by down-regulating
MHC class II expression and inducing the pro-
duction of anti-inflammatory cytokines (trans-
forming growth factor (TGF)-b, IL-10) and
prostaglandin E2 (PGE2). In addition to these
well-established activation mechanisms, those
inducing proinflammatory cytokines (IL-1 and
TNF) in chronic (i.e. sterile) inflammation
remain elusive. However, research over the past
few years has demonstrated that cell contact-
dependent signaling occurring during stimu-
lated T-cell–macrophage interaction is a crucial
triggering event in the activation of monocyte/
macrophage functions.

MONOCYTES/MACROPHAGES IN
CHRONIC/STERILE INFLAMMATION

Based on animal models, it is currently thought
that in chronic immuno-inflammatory diseases,
infiltration of target tissue by T lymphocytes pre-
cedes tissue damage, suggesting a pathogenic
effect. In RA, T lymphocytes displaying a mature
helper phenotype (i.e. CD3+CD4+CD45RO+) 
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are the main infiltrating cells in the pannus, at
percentages ranging from 16% of total cells in
‘transitional areas’ and 75% in ‘lymphocyte-rich
perivascular areas’.39,40 T-lymphocyte extravasa-
tion occurs at the level of vessels presenting the
characteristics of high endothelial venules.41

Angiogenesis and proliferation of resident cells
accompany this infiltration. Like other chronic
destructive inflammatory diseases, RA is
thought to be a T-helper 1 (Th1)-mediated dis-
ease,42–45 although current evidence suggests
that the role played by CD4+ T cells in the devel-
opment of rheumatoid inflammation exceeds
that of activated proinflammatory Th1 effector
cells that drive the chronic autoimmune
response.46 However, the mechanisms by which
T cells exert their pathogenic role in RA remain
elusive. The infiltration by T lymphocytes is fol-
lowed by that of monocytes/macrophages,
which are rapidly found in the lesion, and cellu-
lar interactions occur between T lymphocytes
and monocytes/macrophages mainly in the
perivascular region.47 Studies performed by our
group and others strongly argue that direct cel-
lular contact with stimulated T cells is a major
pathway for the production of IL-1b and 
TNF in monocytes/macrophages.23,48–57 Indeed, 
the contact-mediated activation of monocytes/
macrophages by stimulated T lymphocytes is as
potent as optimal doses of LPS in inducing IL-1b
and TNF production in monocytes and cells of
monocytic lineage such as THP-1 cells.58,59 We
therefore postulate that this mechanism is highly
relevant to the pathogenesis and persistence of
chronic inflammation in diseases such as RA.

T-CELL SIGNALING OF MONOCYTES/
MACROPHAGES BY DIRECT 
CELL–CELL CONTACT

The importance of T-cell contact-mediated acti-
vation of monocytes was first recognized in the
mid-1980s when the expression of membrane-
associated IL-1 (IL-1a) in mouse macrophages
was found to be triggered by both soluble factors
and direct contact with T cells.60 Further studies
in human monocytes confirmed the importance
of cellular contact with stimulated T cells in the
induction of IL-1.61 Subsequently, direct contact

with stimulated T cells proved to be a potent
stimulus of human monocytic cells and mono-
cytes that not only induced IL-1 but other
cytokines as well, including TNF, IL-6, IL-8, and
MMP.48–50 Furthermore, in vitro, cell–cell contact
with stimulated T cells induces cytokine produc-
tion by monocytes/macrophages of the inflam-
matory site of chronic inflammatory diseases
such as synovial macrophages62 and microglial
cells.63,64

A clue to the actual importance of T-cell 
contact-mediated activation of monocytes/
macrophages in the induction of cytokine pro-
duction at the inflammatory site was recently
brought forward. Indeed, T cells isolated from
RA synovial tissue, without further in vitro acti-
vation, induce TNF synthesis in normal resting
monocytes through direct cellular contact.65

Besides, RA synovial cultures in which the CD3+

T cells had been depleted contained significantly
reduced TNF levels.65 These results strongly
indicate that contact between T cells and mono-
cytes/macrophages is required for TNF produc-
tion in RA pannus. In vitro, upon unspecific and
drastic stimulation by phytohemagglutinin and
phorbol myristate acetate (PHA/PMA), most 
T cell types including T-cell clones, synovial T-cell
clones, freshly isolated T lymphocytes and T-cell
lines such as HUT-78 and Jurkat cells induce 
IL-1 and TNF in monocytes.48,49,66–68 As depicted
in Figure 8.1, various stimuli other than
PHA/PMA induce T lymphocytes to activate
monocytes by direct cellular contact: (i) cross-
linking of CD3 by immobilized anti-CD3 
monoclonal antibody (mAb) with or without
cross-linking of the costimulatory molecule
CD28,52,56,64,65,69,70 (ii) antigen stimulation 
of antigen-specific T-cell clones,63,69,71 and 
(iii) cytokines.51,53,54,65,72 Noteworthy, synovial T
cells isolated from RA joints per se are able to
induce IL-1b and TNF production upon contact
with syngeneic monocytes.65,73 Interestingly, RA
synovial T cells are similar to cytokine-activated
T cells based on their ability to induce TNF but
not IL-10 production in monocytes/macrophages;
this does not apply to T-cell receptor-activated 
T lymphocytes.65 Thus, depending on type 
and stimulus of T cells, direct cell–cell contact
can induce different patterns of products in
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monocytes (Figure 8.1) (for review see Burger 
et al.).57 In some cases, an imbalance in production
between proinflammatory and anti-inflammatory
cytokines has been observed, where Th1 cell
clones preferentially induce the production of
IL-1b rather than sIL-1Ra, and cytokine-stimulated
T lymphocytes induce TNF production while
failing to induce that of IL-10.53,69 This suggests
that multiple ligands and counter-ligands con-
tribute to the contact-mediated activation 
of monocytes, which are differentially induced
in T cells depending on the stimulus. In addition
to variations due to T-cell type and stimulus,
contact-mediated activation of monocytes/
macrophages depends on the route of monocyte
differentiation. Indeed, in monocyte-derived
macrophages obtained by treatment with either
IFN-g or M-CSF, contact with cells transfected
with CD40L induced diverse patterns of
cytokines due to different usage of transduction
pathways.74,75 We also demonstrated that mono-
cytes were more responsive to stimulated T-cell
contact-mediated activation than macrophages,
the latter requiring a stimulus concentration that
was 10-fold higher to induce comparable pro-
duction of cytokines.76

CELL SURFACE MOLECULES INVOLVED IN
CONTACT-MEDIATED MONOCYTE ACTIVATION

A crucial issue arising from these observations 
is the identity of the molecules on the stimulated
T-cell surface that are involved in contact-
mediated signaling of monocyte activation as
well as their counter-ligands. Although several 
T-cell surface molecules (CD69, CD23, LAG-3,
CD45, LFA-1, intercellular adhesion molecule-1
(ICAM-1), and membrane-associated cytokines)
have been proved to take part in the contact-
mediated activation of monocytes/macrophages
(for review see Burger),58 the identity of the crucial
molecule is still elusive.

Controversial results were obtained concern-
ing the involvement of CD40 ligand (CD40L,
CD154) in monocyte activation by T cells,72,77,78

but recently we demonstrated that IL-1b and
TNF were induced differentially by CD40L 
and cell–cell contact depending on the matura-
tion stage of human monocytes, CD40L induc-
ing the production of TNF but not that of IL-1b
in IFN-g-differentiated macrophages but not 
in monocytes.76 These results ruled out a pri-
mary role for CD40L in contact-mediated 
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activation on monocytes by stimulated T cells.
Anti-inflammatory treatments with agents such
as leflunomide, minocycline, IFN-b, and glati-
ramer that have been shown to diminish mono-
cyte/macrophage activation induced by cell–cell
contact display contrasting effects on the expres-
sion of CD40L at the surface of T cells. Indeed,
the expression of CD40L on T cells is decreased
by minocycline79 but not affected by lefluno-
mide, IFN-b, and glatiramer,64,80–82 suggesting
that this ligand may be co-activator but does not
elicit a primary signal. Thus, CD40L as well 
as the above-mentioned surface molecules 
(i.e. CD69, CD23, LAG-3, CD45, LFA-1, ICAM-1, 
and membrane-associated cytokines) might be
co-factors/activators, although this might
depend on the type, differentiation stage, and
differentiation route of the target cells (i.e. mono-
cytes/macrophages). This might explain the 
discrepancies between different studies.

To date, attempts to identify the surface factor
primarily involved in the induction of cytokine
production in monocytes/macrophages have
failed to reach a clear-cut answer, and although
inhibitors (e.g. antibodies) of surface molecules
display some inhibitory effects, they fail to abol-
ish monocyte activation. This suggests that the
factor(s) essential for T-cell signaling of human
monocytes by direct contact remain(s) to be
identified. Furthermore, hierarchy and sequence
of events, and involvement of the different sur-
face molecules during this cross-talk still need to
be established.

A clue to the identity of the activating factor
was provided by the identification of a specific
inhibitor of T-cell contact-mediated activation of
monocytes. Indeed, the inhibition of T-cell sig-
naling of monocytes might be important in that
it would maintain a low level of monocyte acti-
vation within the blood stream. We identified
apolipoprotein A-I (apo A-I) as a specific inhibitor
of contact-mediated activation of monocytes.83

Apo A-I is a ‘negative acute-phase protein’ and
the principal protein of high-density lipopro-
teins (HDL). Variations in apo A-I concentra-
tion were observed in several inflammatory
diseases and low levels of apo A-I in patients with
chronic inflammatory diseases might be a link
between infection and chronic inflammation.84

Results obtained by using either recombinant

apo A-IMILANO,85 a natural mutant of apo A-I, or
reconstituted HDL containing apo A-I as a single
protein component86 strengthened the impor-
tance of apo A-I in the inhibitory activity of
HDL. Indeed, both forms of apo A-I displayed
similar inhibitory activity to isolated human
HDL in contact-mediated activation of mono-
cytes (Figure 8.2). Recently, it was demonstrated
that the T-cell contact-mediated induction of
TNF in peripheral blood monocytes was inhib-
ited by autologous sera from RA patients and
that the production of TNF correlated inversely
with apo A-I concentration in the latter sera.87

This further confirms the anti-inflammatory
effect of HDL-associated apo A-I. Besides, we
observed that apo A-I was retained in the
perivascular region of synovium of patients with
active RA, i.e. in regions where infiltrating T cells
were abundant.88 We thus hypothesize that
when the permeability of the vascular endothe-
lium is increased due to inflammation, HDL-
associated apo A-I diffuses into the pannus where
it interacts with stimulating factors expressed on
stimulated T cells, thus inhibiting cell–cell contact-
induced cytokine production by monocytes/
macrophages, as depicted in Figure 8.3.
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Figure 8.2 The production of IL-1b induced by contact with
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INTRACELLULAR PATHWAYS INVOLVED IN
CYTOKINE PRODUCTION BY
MONOCYTES/MACROPHAGES

LPS are the stimulus used most frequently 
in vitro in studies aiming to identify transduction
pathways underlying cytokine production in
monocytes/macrophages. However, other Toll-
like receptor (TLR) ligands and cellular contact
were also studied, although to a lesser extent.
The induction of cytokine gene expression
induced by the LPS receptor TLR4 involves com-
ponents of transduction pathways that lead to
the translocation of nuclear factor-kB (NF-kB)
and activator protein-1 (AP-1).89–91 Depending
on the type of stimulus, different intracellular
pathways in monocytes/macrophages lead to
the production of a given cytokine. LPS and cel-
lular contact with stimulated T cells can induce
the production of both pro- and anti-inflammatory
cytokines in human monocytes/macrophages
(e.g. TNF, IL-1b, IL-12, sIL-1Ra, and IL-10). 
The tight control of proinflammatory cytokine
production and activity is indeed a prerequisite

to avoiding a cascade of events that could lead to
unbridled inflammation. For instance, in some
cases sIL-1Ra is induced in the absence of IL-1,
but from what is known at present, all 
stimuli eliciting IL-1b production also trigger
sIL-1Ra production, at any rate in monocytes/
macrophages. It is also well known that the pro-
duction of both IL-1b and TNF is tightly regulated
at several levels, including the dissociation
between transcription, translation, and secretion.92

Some components of transcription pathways
leading to cytokine synthesis have been identi-
fied after signaling by the engagement of spe-
cific cell surface molecules. For example,
monocyte TNF production induced upon CD45
ligation (mimicking a cellular contact) or LPS
activation was differentially modulated by phos-
phatidylinositide 3-kinases (PI3KS) and NF-kB
but similarly regulated by p38 mitogen-activated
protein kinase (MAPK). This suggests that both
common and unique signaling pathways are uti-
lized by different stimuli for the induction of
TNF.93 The differences in signaling pathway
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usage to induce identical cytokines were con-
firmed by data demonstrating the opposite effect
of IFN-b on cytokine production by monocytes
activated by LPS and contact with stimulated
T cells.59

Macrophage colony-stimulating factor 
(M-CSF)-primed monocytes/macrophages pro-
duced IL-10 and TNF upon cellular contact with
CD40L-transfected cells.75 IL-10 production was
dependent on PI3KS and their downstream sub-
strates, protein kinase B (PKB, Akt) and p70 S6
kinase K (p70S6K), whereas TNF production
was negatively regulated by PI3KS but depend-
ent on p70S6K activity, bifurcating from the IL-10
pathway by utilizing p42/44 MAPK.75 Thus,
activation of macrophages by CD40L triggers
two different pathways for the induction of 
IL-10 and TNF. In M-CSF-primed monocytes/
macrophages activated by cellular contact with
either cytokine-stimulated T cells or T cells iso-
lated from RA synovial tissue, IL-10 was also
triggered through a PI3K/p70S6K-dependent
pathway.94 Interestingly, the production of TNF
by monocytes/macrophages upon contact with
cytokine- but not anti-CD3-activated T lympho-
cytes is repressed by PI3KS.65 Thus the produc-
tion of pro- and anti-inflammatory cytokines
upon monocytes/macrophages activation by
cellular contact with T cells is utilizing different
pathways, PI3KS being mainly involved in IL-10
induction, whereas NF-kB is involved in TNF
production.94,95 This strongly suggests that PI3KS
are preferentially involved in pathways control-
ling the production of anti-inflammatory factors.
We confirmed the involvement of PI3KS in the
induction of anti-inflammatory cytokines in
monocytes/macrophages by demonstrating that
sIL-1Ra transcription required PI3K activation in
human monocytes activated by IFN-b.96

Furthermore, the balance between sIL-1Ra and
IL-1b was controlled by PI3KS in both acute and
chronic inflammatory conditions as exemplified
by LPS and stimulated T-cell contact.97 This was
reminiscent of the control exerted by PI3KS in
acute inflammatory conditions. Indeed, sIL-1Ra
but not IL-1b translation is selectively triggerred
via PI3K pathway, in ‘septic’ THP-1 cells.97

Similarly, LPS from Porphyromonas gingivalis
which bind TLR2 differentially induce IL-10 and
IL-12 through PI3K activation.99 Beside kinases

and NF-kB, upon contact with stimulated T cells,
IL-1b and sIL-1Ra production in monocytic
THP-1 cells is ruled by Ser/Thr phosphatase(s).68

The latter cells express membrane-associated
protease(s) neutralizing TNF activity both by
degrading the cytokine and by cleaving its
receptors at the cell surface.67 Thus the triggering
of these intra- and extracellular processes by
direct contact with stimulated T lymphocytes
may regulate the proinflammatory cytokines
and their inhibitors, and the balance of their
production in monocytes dictates in part 
the outcome of the chronic inflammatory
process.100

STIMULATED T-CELL CONTACT-MEDIATED
ACTIVATION OF MONOCYTES/MACROPHAGES
AS A POTENTIAL THERAPEUTIC TARGET IN
AUTOIMMUNE CHRONIC INFLAMMATORY
DISEASES

Since the contact-mediated activation of 
monocytes/macrophages is a major pathway of
cytokine production, the modulation of this
mechanism, i.e. the blockade of IL-1 and TNF
production at the triggering level, could be of
therapeutic interest. We established that thera-
peutic agents administered to RA and MS
patients, i.e. leflunomide, an inhibitor of dihydro-
orotate dehydrogenase involved in pyrimidine
synthesis101–103 and IFN-b,104,105 respectively,
affected the contact-mediated activation of
monocytes. Indeed, leflunomide inhibits the
ability of stimulated T lymphocytes to trigger 
IL-1b production in monocytes, resulting in 
an enhancement of the sIL-1Ra/IL-1b molar
ratio.80 In addition to its effect on T-cell activat-
ing capacity, leflunomide also decreases the 
production of IL-1b and TNF, but not that 
of IL-1Ra in contact-activated monocytes, by
directly acting on monocytes, as shown 
in Figure 8.4. Besides, the combination of
methotrexate and leflunomide shows additive
inhibitory effects on the production of inflam-
matory mediators (TNF, IL-1b, IL-6, ICAM-1,
cyclooxygenase-1 and -2, and NF-κB) from syn-
ovial macrophages co-cultured with pre-activated
Jurkat T cells.62 This is consistent with clinical
improvement observed in RA patients treated
with leflunomide in combination therapy,
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although other synovial cells are affected by this
drug including fibroblasts and articular chon-
drocytes.106,107 In contact-mediated activation of
monocytes, IFN-b not only inhibits IL-1b
and TNF but it also stimulates sIL-1Ra produc-
tion108 in that it interferes with the activation of
both T lymphocytes and monocytes.81 More
recently, we demonstrated that IFN-b displays
opposite effects on cytokine homeostasis in 

LPS- and T-cell contact-activated human mono-
cytes.59 Indeed, in monocytes activated by LPS,
IFN-b enhanced the expression and production
of IL-1b, TNF, and sIL-1Ra, suggesting that it
does not display anti-inflammatory properties in
this condition reflecting acute/infectious inflam-
mation. In contrast, in monocytes activated by
contact with stimulated T cells, i.e. in conditions
mimicking chronic/ sterile inflammation, IFN-b
inhibited the expression (mRNA) and produc-
tion (protein) of IL-1b and TNF, while enhancing
those of sIL-1Ra.59 The premise that IFN-b dis-
plays opposite effects depending on the type of
activation of human monocytes implies that it
may affect different inflammatory mechanisms
in opposite ways. Thus the induction of
cytokines in acute and chronic inflammatory
conditions occurs through different intracellular
pathways. This might represent a clue to specific
anti-inflammatory therapy. Another drug with
anti-inflammatory properties, minocycline, that
displays some efficacy in RA treatment,109–111

was proved to affect contact-mediated activation
of monocytes/macrophages. Indeed, minocy-
cline attenuates T-cell and microglia activity thus
affecting cytokine production in T-cell–microglia
interaction, diminishing TNF production and
simultaneously up-regulating IL-10 production.79

IMPACT OF GENDER ON CONTACT-MEDIATED
ACTIVATION OF MONOCYTES/MACROPHAGES

RA and many other diseases associated with
self-injury by the immune system are more
common in women than in men.112,113 As the dis-
tinct female preponderance in autoimmune dis-
eases exists mainly during the reproductive age,
sex hormone concentrations and metabolism
have been evaluated in RA patients and have
often been found to be changed.114 Synovial fluid
levels of proinflammatory estrogens relative to
androgens are significantly elevated in both
male and female RA patients, as compared with
controls, which is most probably due to an
increase in local enzymatic aromatase activity.
Serum levels of estrogens have been found to be
altered in RA patients, particularly estradiol 
in man. Thus, in the presence of inflammatory
cytokines (i.e. TNF, IL-1, IL-6) available 
steroid prehormones are rapidly converted to
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proinflammatory estrogens in the synovial
tissue.115 In vitro, sex hormones influence cell
proliferation and apoptosis of monocytic/
macrophage cells insofar as androgens increase
the apoptosis, whilst estrogens tend to protect
cells from death, both hormones acting as mod-
ulators of the NF-kB complex.116 The influence of
gender on contact-mediated activation of mono-
cytes/macrophages was recently studied in vitro
in a system related to MS, which like RA pres-
ents a gender bias, about 66% of all patients
being female. In this study, myelin basic protein-
primed T cells of female and castrated male but
not normal male mice induced NO synthase and
proinflammatory cytokine (IL-1b, IL-1a, IL-6,
and TNF) production in microglial cells by
cell–cell contact.117 The mechanism underlying
these differences was the activation of C/EBPb
by contact with neuroantigen-primed T cells
from female but not from male mice. Thus contact-
mediated activation of monocytes/macrophages
by stimulated T cells could be one of the mecha-
nisms behind the gender bias observed in
chronic inflammatory diseases of autoimmune
etiology like RA and MS.

T-CELL CONTACT-MEDIATED ACTIVATION OF
OTHER CELL TYPES INVOLVED IN RA

A tremendous amount of information was gen-
erated identifying a variety of cell types
involved in RA. Endothelial cells are present
with an activated phenotype resembling high
endothelial venule cells.118 Infiltrating cells
include T lymphocytes mainly in the perivascu-
lar region, monocytes/macrophages located
together with fibroblast-like synoviocytes
mainly in the pannus lining layer, and also B
lymphocytes, mast cells, and DCs.118–123 In con-
trast, neutrophils are mainly found in synovial
fluid. Cytokines and contact with neighboring
cells may affect the stage of activation of the
above cell types. Although it is obvious that
infiltrating cells (monocytes/macrophages, neu-
trophils) have to cross the perivascular layer of 
T cells or stay in T-cell-rich region (B cells),
cell–cell contact with T cells is rarely seen in the
pannus lining layer, i.e. the contact between
fibroblast-like synoviocytes and T cells is hardly
possible. However, cells can diffuse cell surface

molecules and thus ensure cellular contact by
generating microparticles or microvesicles
(MPs). MPs are fragments shed from the plasma
membrane of stimulated or apoptotic cells.
Having long been considered inert debris reflect-
ing cellular activation or damage, MPs are now
acknowledged as cellular effectors involved in
cell–cell cross-talk.124 Indeed, they harbor mem-
brane proteins as well as bioactive lipids impli-
cated in a variety of fundamental processes and
are thus considered a disseminated storage pool
of bioactive effectors.125 MPs are found in the cir-
culation of healthy subjects,126–128 but their num-
bers can be increased in various pathological
conditions such as thrombotic or infectious dis-
eases.127,129–133 Elevated MPs have also been
reported in chronic inflammatory diseases134–136

including RA.137 In the latter disease, MPs are
also abundant in the synovium,138 where they
may modulate fibroblast-like synoviocytes activ-
ity.139,140 Since most cell types of which T cells can
generate MPs,139,141 this might represent a way
for effector cells (e.g. T cells) to ship cellular con-
tact from a distance. In this context preliminary
data demonstrated that MPs generated by
PHA/PMA-stimulated T cells induced IL-1b
production in human monocytes that was inhib-
ited in the presence of HDL (D. Burger, unpub-
lished data). This suggests that similar activating
molecules were present at the surface of stimu-
lated T cells and MPs they released. Thus
through the release of MPs, stimulated T cells
might contact various cells other than mononu-
clear phagocytes that are involved in the patho-
genic mechanisms. Such target cell types include
interstitial fibroblast-like cells (synoviocytes),
endothelial cells, and maybe migrating neu-
trophils. We observed that the latter cells were
markedly affected by contact with stimulated 
T lymphocytes.67,142–145 Indeed, cellular contact
with stimulated T cells or MPs from the latter
cells induces an imbalance between MMPs
(MMP-1, MMP-3, MMP-9, and MMP-13) and
tissue inhibitor of MMP (TIMP-1, TIMP-2, and
TIMP-3) production by fibroblasts.139,142 This
was due to the length of the stimulation time of
T lymphocytes. Indeed, T lymphocytes stimu-
lated by PHA/PMA for 2–4 hours enhanced
both TIMP-1 and MMP-1 production by syn-
oviocytes, whereas T lymphocytes stimulated
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for 12–48 hours increased only the production of
MMP-1 without affecting the expression of
TIMP-1.145 Since direct cell–cell contact with
stimulated T lymphocytes induced an imbalance
between the production in vitro of MMP and
TIMP-1 by both monocytes and fibroblasts, it
may, in analogy, favor tissue destruction in vivo.
In addition to MMP-1 and TIMP-1, direct
cell–cell contact with stimulated T lymphocytes
induces PGE2 production on human fibroblast-
like synoviocytes145 that also contributes to
tissue destruction by favoring bone resorption.
The T-cell surface molecules involved in MMP
induction in fibroblasts are mainly membrane-
associated IL-1 and TNF. Similarly, membrane-
associated cytokines are involved in the
inhibition of deposition of the major extracellu-
lar matrix components such as collagen types I
and III. Indeed, direct contact with stimulated 
T cells markedly inhibited the synthesis of colla-
gen types I and III in dermal fibroblasts and syn-
oviocytes, whether untreated or treated with
TGF-b. This inhibition was associated with a
marked decrease in steady-state levels of pro-a I
and pro-a III collagen mRNAs, which was due
to a diminished transcription rate but not to a

significant alteration of the alpha 1(I) and alpha
1(III) transcript stability. This inhibition of extra-
cellular matrix production mediated by T-cell
contact was partially due to additive effects 
of T-cell membrane-associated IFN-g, TNF, 
and IL-1a.144 Thus, direct contact with stimu-
lated T cells favors extracellular matrix catabo-
lism by enhancing MMP production while
diminishing collagen synthesis in fibroblasts
and synoviocytes. Interestingly, similar mem-
brane-associated cytokines were involved in
both these processes. Cell-associated cytokines
are not involved in contact-mediated activation of
monocytes/ macrophages by T cells. By compar-
ing the ability of T-cell clones to activate fibro-
blasts and monocytic cells, we found that there
was no correlation (Figure 8.5). This confirms
that different molecules at the surface of T cells
are involved in the activation of these two target
cell types.

It appears that the expression of ICAM-1, vas-
cular cell adhesion molecule-1 (VCAM-1), and
E-selectin is increased in the synovium of RA
patients.146–148 A similar phenomenon was
observed in brain microvessels of MS patients.149

In this regard, we demonstrated that membranes
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of stimulated T lymphocytes induce the expres-
sion of ICAM-1, VCAM-1, and E-selectin on
microvascular endothelial cells from human
brain (HB-MVEC).143 Beside cell adhesion mole-
cules, contact-mediated activation of HB-MVEC
induced the production of IL-6 and IL-8. The cell
contact-induced expression of cell-adhesion
molecules and the production of IL-6 and IL-8
were inhibited by TNF inhibitors, demonstrating
that membrane-associated TNF was largely
responsible for the activation of endothelial
cells.143 This suggests that both soluble and 
membrane-associated TNF can activate microvas-
cular endothelium and that these two types of
activation might be relevant to RA.150 More
recently, contact with T cells stimulated by
either anti-CD3 or cytokines (TNF, IL-6, and 
IL-2) was shown to induce the expression and
activation of tissue factor and the production of
MCP-1, IL-8, and IL-6 in human umbilical vein
endothelial cells (HUVEC) via CD40L–CD40
interaction.151 Also in this case, different surface
molecules are likely to play a part in the activa-
tion of endothelial cells upon direct cell–cell con-
tact with stimulated T lymphocytes depending
on the target cell type (i.e. microvascular or large
vessel endothelial cells). These studies demon-
strate that stimulated T lymphocytes could acti-
vate endothelial cells by direct contact, implying
that this mechanism may be crucial to the
extravasation of stimulated T lymphocytes into
the target tissue. Furthermore, the induction of
cytokine and chemokine production by endothe-
lial cells upon contact with stimulated T lym-
phocytes might facilitate the invasion of the
target tissue by other mononuclear cells.143,151

TNF inhibitors decrease both endothelial cell
and synoviocyte activation upon direct contact
with stimulated T lymphocytes.143–145 This may
partly account for the beneficial effects of TNF
blockade in RA.152,153

At an early stage of inflammation T lympho-
cytes could also be present in the tissue simulta-
neously with polymorphonuclear leukocytes
(PMN), since the latter cells are recruited to sites
of inflammation where they are in close vicinity
to other immune cell types. This was recently
confirmed by the premise that contact-mediated
activation of human PMN respiratory burst was
inhibited by HDLs.154 Thus HDLs inhibit both 

T-cell contact-induced cytokine production in
monocytes/macrophages and radical oxygen
species (ROS) production induced in PMN upon
contact with stimulated T cells. This confirms
that similar molecules at the surface of T cells are
involved in the activation of PMNs and mono-
cytes/macrophages, as suggested by the prem-
ise that the activating capability of T-cell clones
on PMNs correlates with that on THP-1 cells 
(r2 = 0.84, p < 0.001).66 This supports the emerg-
ing role of HDL as immunomodulators in inflam-
matory diseases. Furthermore, activated PMNs
can in turn release potent anti-inflammatory
MPs, in the form of ectosomes, which inhibit
macrophage activation.155

Thus, the contact with stimulated T cells may
activate several cell types involved in RA. While
cytokine blockade prevents the activation of
fibroblast-like synoviocytes and endothelial
cells, HDL inhibit the activation of neutrophils
and monocytes. This suggests that contact-
mediated activation of neighboring cells is a fun-
damental process used by T cells to affect the
activation status of other cells, even though the
surface molecules involved in these processes
are different. Furthermore, through the release
of MPs, this T-cell activity might spread out and
reach cells that are not directly in contact with
the effector T cell.

CONCLUSIONS

As depicted in Figure 8.6, cell contact with stim-
ulated T cells may affect the activity of several
cell types involved in RA pathology either
directly or by releasing MPs. To date, direct
cell–cell contact with stimulated T cells is con-
sidered the main pathway triggering activation
of monocytes/macrophages in the absence 
of infectious agents. The potency of this mecha-
nism suggests that it is a major pathway by
which T lymphocytes exert their pathogenic 
effect in chronic destructive immuno-inflamma-
tory diseases. Additional investigations are
needed to identify the surface molecules – 
ligands and counter-ligands – involved in this
process. However, the control of contact-mediated
signaling of monocytes and neutrophils by
HDL-associated apo A-I might represent an
interesting step toward developing a novel
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approach for dampening down the inflamma-
tory response induced by cell–cell contact and
leading to tissue destruction in chronic inflam-
matory diseases. It also extends the concept of
inflammation in connection with lipid metabo-
lism and other diseases such as arteriosclerosis.
Stimulated T lymphocytes, which might estab-
lish cellular contact with fibroblasts or synovio-
cytes via the release of MPs, might also be
responsible for the decrease in collagen synthe-
sis and the increase in MMP production and
may therefore play a part in the lack of repair
process.
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INTRODUCTION

At the time of writing, it is 15 years since the dis-
covery of the similarity between the first Toll
receptor in the fruit fly Drosophila melanogaster
and the receptor for the proinflammatory
cytokine interleukin-1 (IL-1RI).1 Since then, at
least 13 mammalian Toll-like receptors (TLRs)
have been identified and the importance of their
role in innate and adaptive immunity is now
clear. When an organism is invaded by microbes
such as bacteria, viruses, fungi and parasites,
they are immediately detected by the TLRs.
They exist in cell types involved in innate immu-
nity such as macrophages and dendritic cells
(DCs). They are also present in cells of the adap-
tive immune response, such as B and certain
types of T cells. In addition, TLRs can be found
in non-immune cells, such as fibroblasts and
endothelial cells. TLRs are able to sense the
invading microbes by recognizing a variety of
molecules associated with them. The pathways
that are induced by the majority of TLRs are
very similar to those activated by the proinflam-
matory cytokine IL-1. TLRs as well as the IL-1RI
induce a common set of genes via the activation
of the transcription factor nuclear factor-kB (NF-
kB) and the mitogen-activated protein kinases,
p38 and c-Jun N-terminal kinase (JNK), leading
to production of cytokines, chemokines, and 

co-stimulatory molecules that play a central role
in the activation and regulation of both innate
and adaptive immunity. However, recent dis-
coveries of the molecular basis of TLR-induced
signal transduction, started to elucidate the dif-
ferences among them. In contrast to IL-1, certain
TLRs activate the interferon (IFN) regulatory
factors (IRFs). These are a family of transcription
factors that are responsible for the induction of
type I IFNs and IFN-induced genes. In general,
although all of the TLR signal transduction path-
ways have not been completely uncovered yet, it
is clear that there is specificity in the genes which
are expressed, depending on which TLRs are acti-
vated. This occurs to ensure that the host will
respond efficiently to a certain invasion.

Apart from ligands of microbial origin, TLRs
are also activated by endogenous stimuli, such
as molecules from cells damaged because of
infection, or as a result of chronic inflammation
due to autoimmune diseases such as rheumatoid
arthritis (RA). Consequently, as TLRs are key
activators and regulators of innate and adaptive
immunity and they have been observed to be
activated in autoimmune diseases, it is very
likely that they could be good targets for the
development of new therapeutics.

In this chapter, we summarize the current
knowledge on TLRs and discuss their possible
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involvement in the pathogenesis of chronic
inflammatory and autoimmune diseases, with a
focus on RA. We also review how some thera-
peutics, already used for the treatment of RA,
inhibit components of the TLR signal transduc-
tion pathways, and discuss other possible
approaches that could be used to target these
pathways.

THE FAMILY OF TOLL-LIKE RECEPTORS

Historical overview

The first member of the family to be discovered
was a transmembrane protein in Drosophila
melanogaster which was essential for the forma-
tion of the dorsoventral axis of the fly embryo.2

The finding that Toll had a cytosolic portion
highly similar to that of IL-1RI was intrigu-
ing.1,3–5 A lot of research had been focused on 
IL-1 because its local and systemic effects
(reviewed by Dinarello)6,7 placed it as a link
between innate and adaptive immunity, playing
a prominent role in the pathogenesis of certain
chronic inflammatory autoimmune diseases
such as RA. It was hoped that understanding of
the signal transduction induced by IL-1 could
lead to the discovery of new therapeutic targets –
a notion that has since been proven true. Toll
was subsequently shown to be important for the
defence of the adult fly against fungi.8 Later, the
first human Toll was identified because of its
similarity with the Drosophila Toll at both their
intracellular and extracellular regions.9 Soon
afterwards, four more Tolls were reported.10

One of them was TLR4, which is responsible for
the recognition of lipopolysaccharide (LPS), also
known as endotoxin. LPS is a main component of
the cell wall of Gram-negative bacteria. TLR4 was
discovered as the receptor that recognizes LPS,
because mice that contain a mutation or are 
deficient in the Tlr-4 gene, are defective in LPS
signaling.11–13 Comparably, TLR4 is the LPS
receptor in humans, as a missense mutation
(Asp299Gly) in the extracellular region of
human TLR4 caused hyporesponsiveness to
LPS.14–16 In addition, it was shown that TLR4
mediates the response to the respiratory syncytial
virus (RSV).17 That was the first key evidence
that TLRs detect molecules from invading

microbial agents. In total, at least 12 more mam-
malian TLRs have been discovered and the list
of the various pathogen-associated molecular
patterns (PAMPs) and endogenous ligands they
detect is continually growing.

Ligands

TLRs can be divided into two main groups,
according to their ligands. One group of TLRs
mainly recognize PAMPS from lipids and the
other group detect PAMPS from nucleic acids.
The first group consists of TLRs 1, 2, 4, and 
6 and the other group consists of TLR3, 7, 8, 
and 9.

More specifically, TLR2 is responsible for the
response to lipopeptides from the cell wall of
Gram-positive bacteria, mycobacterial cell wall
components, such as lipomannans, phospho-
lipomannan from fungi, and glycosylphos-
phatidylinositolmucin from protozoan parasites.
It was also believed to recognize peptidoglycan
(PGN), although a more recent study18 contra-
dicts the earlier observations. TLR2 can also
interact with proteins, such as porins from the
outer membrane of the cell wall of Gram-
negative bacteria and viral proteins such as the
measles virus hemagglutinin protein. TLR2
actually heterodimerizes with TLR1 and TLR6,
sensing even more microbial ligands in that
way. For example, the TLR1/TLR2 complex can
recognize bacterial and mycobacterial diacyl
lipopeptides and bacterial triacylated lipopro-
teins, such as the synthetic compound Pam3Cys.
The TLR6/TLR2 complex can recognize diacy-
lated lipoproteins from mycoplasma, such as
the mycoplasma lipoprotein-2 (MALP-2) and
the bacterial glycolipid lipoteichoic acid (LTA).

TLR4, as mentioned, detects LPS from the cell
wall of Gram-negative bacteria, lipid A (a lipid
portion of LPS) and lipid A analogs, mannan
from fungi, glycoinositolphospholipids from
protozoan parasites, and several viral proteins,
such as the fusion protein of the RSV.

TLR3 initiates signalling for double-stranded
RNA.19 As many viruses have double-stranded
RNA during their replicative cycle, TLR3 is a
key receptor for antiviral responses. In addition,
it recognizes the synthetic analog of dsRNA
polyriboinosinic:polyribocytidylic acid [poly(I:C)].

106 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch09  8/9/07  3:16 PM  Page 106



TLR7 is activated by viral single-stranded
RNA but also by synthetic compounds such as
guanosine analogs (e.g. Loxoribin) and various
imidazoquinolines such as R-848 and imiquimod.
R-848 also activates the human TLR820–23 but 
not the mouse TLR8 which is apparently 
inactive.

TLR9 recognizes unmethylated CpG motifs in
bacterial and mycobacterial DNA and genomic
DNA from parasites.24,25

Of the remaining TLRs, 5 and 11, do not
belong to the above two groups. They recognize
proteins. The ligand for TLR5 is bacterial fla-
gellin,26 whereas TLR11 recognizes a profilin-like
molecule.27 The human TLR11 is non-functional.
Lastly, a ligand for TLR10, 12 and 13 have not
been found. TLR10 is expressed in humans but
not in mice and TLR12 and 13 are expressed in
mice but not in humans.

As mentioned, TLRs also recognize endoge-
nous ligands. TLR4 recognizes several proteins
of its host, such as the heat-shock proteins
(HSPs) 60, 70, Gp96, the high mobility group box
1 protein,28–31 the extra domain A of fibronectin,32

b-defensin 2,33 fibrinogen,34 and other ligands
including heparan sulphate35 and soluble
hyaluronan.36 TLR2 has also been reported to be
activated by HSPs.29–31 There is some evidence
that TLR activation from HSPs is due to contam-
inations of the protein preparations with endo-
toxin.37 Therefore, further investigation is
required to clarify which of the endogenous pro-
teins are actually ligands for TLR4. Among the
other TLRs, TLR3 has been shown to recognize
mRNA from the host38 and TLR9 recognizes self-
DNA.39 A model has therefore emerged where
the role of TLRs may not in fact be to recognize
pathogen-derived molecules, but rather mole-
cules out of context. For example, both host- and
pathogen-derived nucleic acids will be sensed
by TLRs if they are endocytosed into specialized
endosomes. Fragmentation of host factors such as
hyaluronan will be sensed by TLR2 and/or TLR4.
It is in this context that TLRs might participate in
inflammatory diseases, as may occur in RA and
systemic lupus erythromatosus (SLE).40,41

The molecular interactions between the TLRs
and their ligands, and the conformational
changes that TLRs undergo in order to initiate
signal transduction, have not been clarified yet.

The reason is that only a limited number of
structures of TLR domains have been solved.

Signaling

Structure of TLRs

In general, TLRs are type 1 transmembrane
receptors with an extracellular domain consist-
ing of 19–25 leucine-rich repeat (LRR) motifs
which are 24–29 amino acids long. These LRR
motifs are believed to recognize the ligands.
Recently the crystal structure of the LRR domain
of TLR3 was described at 2.3 Å.42,43 There are 
23 LRR motifs which form a structure like a
horseshoe-shaped solenoid. Each of the LRRs
contains asparagines that stabilize the structure
by forming hydrogen bonding networks. TLR3
is highly glycosylated but it contains a surface
which is free of glycosylation and hypothesized
to be the site where dsRNA binds. Binding of
dsRNA to one TLR3 molecule causes conforma-
tional changes that result in bringing the intra-
cellular parts of TLR3 to close proximity, leading
to signal transduction. Currently this is the
model of how signal transduction is initiated by
all TLRs. When the TLRs are liganded, they
induce signal transduction either as homo-
dimers (e.g. Drosophila Toll)44,45 or heterodimers
(i.e. TLR2 with TLR1 or TLR6).

In particular, all TLRs contain a highly homol-
ogous domain in their intracellular region. As
already stated, this domain is also conserved 
in IL-1RI and the drosophila Toll and was named
the Toll/IL-1 receptor (TIR) domain. The TIR
domain is between 135 and 160 amino acids
long. The molecular structures of the TIR
domains of TLR1 and TLR2 have been resolved
and show that they contain a central five-
stranded parallel b-sheet which is surrounded
by a total of five a-helices on both sides.46 The
hypothesized model is that upon the dimeriza-
tion of the TLRs when liganded, a TIR–TIR inter-
action takes place intracellularly. The same
TIR–TIR interaction also occurs in the case of 
IL-1RI, but instead of forming a homodimer, it
associates with its accessory protein (IL-1RAcP),
which also contains a TIR domain. The TIR–TIR
structure provides the place of association with
TIR domain-containing intracellular proteins.
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These proteins are called adapters, because they
link the receptors to other downstream proteins
in the signalling cascade.

The first adapter to be identified was the
myeloid differentiation primary response pro-
tein 88 (MyD88). MyD88 mediates the signaling
of all TLRs, apart from TLR3 (Figure 9.1). It is
also an adapter for IL-1RI. All TLRs that employ
MyD88 signal in a MyD88-dependent way to
activate NF-kB and the MAPKs, which is similar
to the IL-1RI signaling.

MyD88-dependent pathways

Apart from a TIR domain at its C-terminus,
MyD88 also contains a death domain which is a
part of its N-terminus. FAS/Apo1/CD95 and

tumor necrosis factor (TNF) receptors contain a
death domain that is important for their cyto-
toxic function. However, in TLR signaling, the
death domain of MyD88 does not induce apop-
tosis47 but it is required for protein–protein inter-
actions. Recruitment of MyD88 to liganded
IL-1RI or TLRs, leads in it’s turn to the recruit-
ment of the IL-1 receptor-associated kinases
(IRAKs) (Figure 9.1 – see downstream of TLR4).
These kinases also have a death domain which is
important for that interaction to occur. Recruited
IRAK-4 phosphorylates IRAK-1, which is subse-
quently autophosphorylated to become fully
activated.48,49 Then, IRAK-1 leaves the receptor
complex and binds to TNF-receptor-associated
factor 6 (TRAF6). TRAF650 interacts with the E2
ubiquitin ligase complex of Ubc13 and Uev1A
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and becomes polyubiquitinated. The same com-
plex also polyubiquitinates the complex of the
inhibitor of NF-kB (IkB) kinases (IKKs), on IKKg-
also known as NF-kB essential modulator
(NEMO).51 TRAF6 also forms a complex with the
transforming growth factor (TGF)-b-activated
kinase 1 (TAK1) and the TAK1 binding proteins,
TAB1, TAB2, and TAB3.52 TAK1 also undergoes
ubiquitination and phosphorylates the IKK com-
plex and MAP kinase kinase 6 (MKK6). The IKK
complex phosphorylates the IkB proteins, which
exist as a complex with the p50 and p65 subunits
of the transcription factor NF-kB. This phospho-
rylation results in the degradation of IkB by the
proteosome and the release of the NF-kB sub-
units, p50 and p65, that subsequently translocate
to the nucleus and induce genes involved in
inflammatory responses.

Phosphorylation of MKK6 leads to the activa-
tion of the MAPK cascades which activate 
the transcription factor, activator protein-1,
which also plays a crucial role in the induction of
inflammatory response genes.

Apart from IRAK-1 and IRAK-4 there are two
additional members in the family of IRAKs,
IRAK-2 and IRAK-M. They are both inactive
kinases. IRAK-M is a negative regulator of 
IL-1RI and TLRs. It inhibits the dissociation 
of IRAK-1 from MyD88 and the formation of
IRAK-TRAF6 complexes.53 The role of IRAK-2 in
signaling remains to be resolved. Overexpression
of human IRAK-2, in cells that lack IRAK-1,
seems to restore their responsiveness to IL-1 and
LPS.54 In mice there are four IRAK-2 splice iso-
forms, two of which induce signaling that leads
to activation of NF-kB and two of which seem to
inhibit such signaling.55

Other proteins that may be involved in the
pathway, but their role is not totally clear, are
the Toll-interacting protein (Tollip), Pellinos,
MAPK kinase kinase-1(MEKK1) and MEKK3.

Apart from the MyD88-dependent pathway
that leads to activation of NF-kB and the
MAPKs, recent studies show that TLR7 and
TLR9 signaling in plasmacytoid DCs (pDCs) but
not conventional DCs (cDCs), also induce type I
IFNs, in a MyD88-dependent manner (Figure 9.1 –
see the pathway below TLR7 and TLR9). After
these interactions, IRF7 translocates into the
nucleus and binds to IFN-stimulated response
element (ISRE) motifs that exist in the promoter

regions of several cytokine genes, inducing in
that way, the production of type 1 IFNS. In partic-
ular, MyD88 associates directly with the tran-
scription factor IRF7,56–58 which can also interact
with IRAK-1, IRAK-4, and TRAF6. In IRAK-1-
deficient mice, IFN-a production is abolished,
indicating that IRAK-1 plays an essential role in
that pathway, perhaps by phosphorylating IRF7.

Lastly, another transcription factor, which
also belongs to the family of IRFs and is acti-
vated in a MyD88-dependent way, is IRF5
(Figure 9.1). Several ligands for TLRs (such as
LPS and unmethylated DNA) can induce IRF5.
As in the case of IRF7, IRF5 has also been found
in a complex with MyD88 and TRAF659 and to
move into the nucleus where it binds ISRE
motifs. IRF5 is a major inducer of IL-6, IL-12, and
TNF-a but not of IFN-a.

MyD88 is essential for the signaling of IL-1RI,
TLR2, TLR5, TLR7, TLR8, and TLR9, but not for
the signaling of TLR4. In MyD88-deficient mice,
NF-kB and MAPK activation is abolished in
response to IL-1 and the ligands for TLR5, TLR7,
TLR8, and TLR9, but is only delayed in response
to TLR4. This observation led to the discovery of
more adapter molecules homologous to MyD88.
In total, four more adapters have been identi-
fied, the MyD88 adapter-like or TIR domain-
containing adapter protein (Mal/TIRAP)60,61

the TIR domain-containing adapter inducing 
IFN-b or TIR-containing adapter molecule-1
(TRIF/TICAM-1),62,63 the TRIF-related adapter
molecule (TRAM) TICAM-264 and sterile a and
HEAT-Armadillo motifs (SARM).65

Mal was initially shown to have an important
role in TLR4, but not in IL-1 signaling.60 Later,
Mal-deficient mice confirmed this original
observation.66,67 Their phenotype was very simi-
lar to that of the MyD88 knockout (KO) mice in
terms of TLR2 and TLR4 signaling. The activa-
tion of NF-kB and MAPKs was delayed in
response to TLR4, but was not affected by lig-
ands for the other TLRs tested (TLR3, 5, 7 and 9)
or by IL-1 and IL-18. Mal was the first proof that
different TLRs recruit different adapter mole-
cules. Very recently, the specific role of Mal in
TLR4 signaling has been revealed. Mal contains
a binding domain for phosphatidylinositol-4,5-
bisphosphate (PIP2), one of the main structural
components of the plasma membrane.68,69 Upon
activation of TLR4 (Figure 9.1), Mal binds to
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PIP2 and facilitates the recruitment of MyD88 to
the plasma membrane. In that way, Mal and
MyD88 are in close proximity to liganded TLR4
and therefore, are able to interact with it. Thus,
Mal is acting as a bridging adapter, bringing
MyD88 to TLR4, and subsequently, MyD88, 
signals downstream. Thus, MyD88 can be termed
as a signalling adapter .

The Mal-MyD88 double KO mice present a
delayed instead of an abolished response, fol-
lowing TLR4 activation.66 In addition, the
MyD88 KO mice showed that TLR4 and TLR3
could initiate signal transduction that was 
independent of MyD88.70,71 That MyD88-
independent pathway leads to activation of the
transcription factors IRF3 and IRF7, and conse-
quently induction of IFN-a/b and IFN-inducible
genes.

MyD88-independent pathways

The adapter responsible for the MyD88-
independent pathway is TRIF.63,72,73 It is
recruited by both TLR3 and TLR4 (Figure 9.1)
and signals via an IKK-like kinase named the
TRAF-family-member-associated NF-kB activa-
tor (TANK)-binding kinase-1 (TBK-1)70 and the
IKK homolog, IKKe, in order to activate IRF3. In
particular, TRIF forms a complex with TBK-1,
IKKe, and IRF3. IRF3 becomes phosphorylated
by TBK-1 and IKKe and thus activated. Then
IRF3 binds to the ISRE on target genes inducing
production of IFN a/b.74 IRF7 also becomes
phosphorylated and activated by TBK-1 and
IKKe and binds to the ISRE of genes, thereby
inducing their expression.56–58

In TLR3 signaling, TRIF has also been shown
to activate NF-kB. TRIF associates with the
TRAF6–TAK1–TAB2 complex that activates IKK
(see the section on the MyD88-dependent 
pathway).75 In addition, TRIF binds the receptor
interacting protein-1 (RIP-1), an important media-
tor of both TLR3- and TLR4-induced NF-kB 
activation.76,77 Following stimulation of TLR4, the
TRIF-dependent signaling also leads to NF-kB acti-
vation indirectly. As mentioned, TRIF activates
IRF3. IRF3 in its turn, binds to ISRE and induces
TNF-a production. TNF-a is then secreted induc-
ing its receptor (TNFR).78 TNFR signaling also
culminates in NF-kB activation.

It is believed that TLR3 associates with TRIF
directly. On the contrary, TLR4 requires TRAM
to engage TRIF.64,71,79–81 Thus, in TLR4 signaling
TRAM acts as a bridging adapter to bind TRIF
and facilitate its recruitment to the receptor com-
plex. Similar to Mal, TRAM associates with the
plasma membrane, but unlike Mal, this depends
on a myristic acid group in the N-terminus of
TRAM. Activation of TRAM requires its phos-
phorylation on serine 16 by protein kinase Ce.
This is required for TRAM to signal, but the
exact mechanism is unknown. Another differ-
ence between TLR3 and TLR4 in the TRIF-
dependent pathway, is that although TRIF is
used by both TLR3 and TLR4 to drive IRF3, only
TLR3 activates IRF3 homodimers that bind ISRE
(Figure 9.1). When TLR4 initiates IRF3 activa-
tion, IRF3 forms a heterocomplex with the p65
subunit of NF-kB, which then binds ISRE.82

The fifth and final adapter with a TIR domain
is SARM. Its role is however, inhibiting and very
recent evidence indicates that it interacts specifi-
cally with TRIF.83

TLR SIGNALING AND ARTHRITIS

Our understanding of TLRs represents a remark-
able achievement in basic research into the molec-
ular functioning of the innate immune system.
These findings are now being translated into dis-
ease relevance, and the study of TLRs in the con-
text of autoimmune and inflammatory diseases is
revealing important new insights into disease
pathogenesis and potentially new treatments.

Evidence of the involvement of TLRs in
autoimmune and inflammatory diseases

In tissue specimens from patients with autoim-
mune and/or inflammatory diseases, the
expression of certain TLRs is altered.

In particular, in atherosclerosis, in areas of
plaques where inflammatory cells are concen-
trated, the expression of TLR1, TLR2, and TLR4
is induced.84 Some cells from atherotic plaques,
showed expression of TLR5 of TLR3, and as well
as that of.

In multiple sclerosis patients, in brain and
spinal cord specimens, TLR3 and TLR4 expression
is upregulated.85
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In Crohn’s disease (CD), TLR3 expression was
downregulated in intestinal epithelial cells
whereas TLR5 expression was unchanged, as in
the case of ulcerative colitis (UC).86 The way that
the TLR2 expression levels are affected is not
clear. Whereas in one report TLR2 was upregu-
lated on submucosal cells during intestinal
inflammation,87 according to another study the
levels of TLR2 were unchanged in the intestinal
epithelium of patients with UC and CD.86 Lastly,
the TLR4 levels seem to be higher in these two
diseases.86,88

The expression of TLRs is also altered in RA.
TLR2, 3, 4 and 7 are expressed at higher levels in
synovial tissue of RA patients.88,89 In particular,
TLR2 and TLR4 are expressed at higher levels in
moderate but not severe inflammation.

The fact that TLRs are expressed in rheuma-
toid joints is crucial, because in these areas there
is also availability of TLR ligands. Several exoge-
nous ligands of bacterial origin such as bacterial
DNA and PGNs have been detected.92 In addi-
tion, a lot of endogenous ligands that are able to
activate several TLRs have been identified, such
as HSPs,91 as well as hyaluronan fragments.92,93

Moreover, in inflamed arthritic joints, where
tissue destruction is taking place to a high extent,
there are plenty of necrotic cells. These cells have
been shown to activate TLR294 and TLR3.95

The significance of the TLR signaling path-
ways in RA, is also indicated by the fact that TLR
ligands exhibit arthritogenic properties. There
are mouse models in which arthritis is induced
by the injection of TLR ligands. In particular,
bacterial CpG DNA, staphylococcal PGNs and
viral double-stranded RNA, when injected into
mice, are able to induce arthritis.96–98 The strep-
tococcal cell wall can cause arthritis too. The role
of TLR2, through the MyD88-dependent path-
way,99 is very important for this type of arthritis,
as it cannot be induced in MyD88-deficient mice.
Furthermore, in TLR2-deficient mice the symp-
toms of the disease are less severe.

The effect of TLRs on the severity of arthritis
is also demonstrated by using the serum trans-
ferred arthritis model. In this model the injection
of arthritogenic sera, intraperitoneally in mice,
induces arthritis. This type of induction of arthritis
is IL-1-dependent, because IL-1RI-deficient mice do
not develop the disease.100 When TLR4-deficient

mice were used, the severity of arthritis was
reduced. In addition, when LPS was adminis-
tered together with arthritogenic sera to the 
IL-1RI-deficient mice, they developed arthritis.
As a conclusion, LPS can substitute IL-1 in that
model. This study shows that even when arthritis
has started to develop and the adaptive immune
system is activated against the host, TLRs might
still play an important role in the progress of the
disease.

Apart from activating the innate immune
response in RA and other autoimmune and/or
inflammatory diseases, TLRs have been reported
to contribute in the induction of the adaptive
immune system in such diseases.

A murine model of SLE and RA, has shown
that TLR9 is likely to play a role in the produc-
tion of autoantibodies. Immune complexes that
contained host DNA, activated self IgG-specific 
B cells, by costimulating TLR9 and the B-cell
antigen receptor (BCR).39 In a similar way, RNA-
associated autoantigens can also activate B cells,
by the co-engagement of TLR7 and the BCR.101

Moreover, two recent studies correlated the
expression levels of TLR7, with an increase in B-cell
responses to RNA-containing self-antigens.102,103 It
was found that male mice that contain the Y-linked
autoimmune accelerator (Yaa) locus, develop SLE
with a higher incidence. The disease is also more
severe. The reason is that the Yaa-bearing mice
express higher levels of TLR7.

Lastly, further evidence that might indicate
the importance of TLRs in autoimmune diseases
comes from TLR polymorphisms (Table 9.1).
There is a rare nucleotide polymorphism in the
tlr4 gene that results in the expression of the
Asp299Gly TLR4 variant. This amino acid sub-
stitution, reduces the ability of TLR4 to initiate
signaling. Thus, as expected, this polymorphism
increases susceptibility to Gram-negative bacter-
ial infections. There are studies that show that
this polymorphism might be associated with
susceptibility in developing inflammatory dis-
eases. In RA, there is a report that shows that
individuals with the Asp299Gly TLR4 variant,
are less susceptible to the disease.104 However,
this disagrees with two other studies, in which
no association between this polymorphism with
RA or SLE was observed.106,107 In atherosclerosis, it
was reported that this polymorphism was linked
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to decreased susceptibility.108 Another study
associated this polymorphism with acute coro-
nary syndromes.109 However, in other studies,
the polymorphism was not associated with coro-
nary artery stenosis110 and did not affect the 
progression of atherosclerosis.111 In addition, the
polymorphism was shown to play an important
role in CD and UC,112 whereas another study did
not associate this it with UC.113 A different poly-
morphism of TLR4 (Thr399Ile) was found to be
important in this study. Both these polymor-
phisms are associated with reduced frequency of
diabetic neuropathy in  type 2 diabetes patients.113

Lastly, the Asp299Gly variant does not seem to be
associated with disease susceptibility in asthma,
but the variant may increase atopy severity.115

Another polymorphism that was found in
human TLR genes, leads to a substitution of
Arg677 with Trp in TLR2. This polymorphism is
correlated with lepromatous leprosy.116 It was
also shown, that this polymorphism disables
TLR2 from inducing NF-kB activation in response
to Mycobacterium leprae.116 Similarly, in the TLR2
gene there is a polymorphism that causes the
Arg753Gln substitution. This substitution is asso-
ciated with hyporesponsiveness to the bacteria
Borrelia burgdorferi and Treponema pallidum, that
cause the lyme and syphilis diseases respec-
tively.117 In addition, 2 out of 91 septic patients

had this polymorphism and both experienced
staphylococcal infections. Polymorphisms in the
TLR2 gene have not been linked with RA or
SLE.107

On the contrary, in a recent study, a
microsatellite polymorphism of the human
TLR2 gene was associated with RA.119 It has
been suggested that a genotype which contains a
smaller number of guanine-thymine repeats 
in intron II of the TLR2 gene may result in 
susceptibility to RA.

Lastly, a polymorphism in the TLR5 gene that
results in the expression of a truncated (TLR5
392STOP) non-functional receptor, reduces 
susceptibility to SLE, but has the opposite effect
for Legionnaire’s disease.119,120

The contradictions in the studies mentioned
above, show that it is not yet clear if certain TLR
polymorphisms are definitely linked to inflam-
matory autoimmune diseases.

In general, there is not enough evidence that
the initiation of certain inflammatory diseases is
due to the overactivation or deficiency of TLRs.
It is however clear, that TLR signaling is acti-
vated and involved in the pathogenesis of
inflammatory diseases, including RA, or could
even play a protective role against them. Thus,
even in the case that induction of TLR signaling
is a secondary phenomenon in these diseases, its
inhibition or activation could be beneficial in
reducing their severity.

Targeting TLR signaling for the discovery 
of new therapeutic agents

Several ways could be employed to inhibit TLR
signaling. One method is to prevent the associa-
tion of TLRs with their ligands. An approach to
accomplish this is the development of molecules
that would be able to occupy the ligand’s bind-
ing site of the TLR, without initiating signal
transduction (antagonists).

Another way, is to ‘neutralize’ TLRs by creat-
ing recombinant antibodies that could bind to
them and hide their ligand-binding site. This
technology has been successful in blocking the
action of certain cytokines such as TNF-a.

Moreover, TLRs could be prevented from ini-
tiating a signal, by producing their extracellular
domain as a recombinant protein, and using it as
an antagonist for binding their ligands. In the
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Table 9.1 TLR polymorphisms and the diseases
or infections in which they may be implicated in
(see text for details).

Receptor Polymorphism Disease

TLR2 Arg677Trp Lepromatous leprosy
Arg753Gln Staphylococcal infection 

in septic patients
smaller number RA

of guanine-
thymine 
repeats in 
intron II of 
its gene

TLR4 Asp299Gly RA, atherosclerosis, CD, UC,
type 2 diabetes, asthma

Thr399Ile UC, type 2 diabetes
TLR5 Truncated SLE, Legionnaire’s disease

TLR, Toll-like receptor; RA, rheumatoid arthritis; CD, Crohn’s dis-
ease; UC, ulcerative colitis; SLE, systemic lupus erythromatosus.
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case of the cytokine TNF-a, this method has also
been successful.

Apart from developing medications that aim
to inhibit the initiation of TLR signaling, a
method, that has already been used, is to target
important molecules in their signaling cascades.

As previously mentioned, a central molecule
in NF-kB activation is IKK2. Several small mole-
cules have been designed which can inhibit
IKK2 and have anti-inflammatory effects. These
molecules could be proven to be good agents for
the treatment of RA.122 Such compounds are
SPC0023579, NVOIKK004123 and SPC-839.124

Moreover, several existing synthetic anti-
inflammatory drugs, such as aspirin and salicy-
late,125 or natural products such as parthenolide,126

appear to target IKK2. Other molecules that
inhibit NF-kB activation are sulfasalazine,
leflunomide, and PS-1145.126–128 In particular,
sulfasalazine directly inhibits IKK1 and 2, and
PS-1145 is an inhibitor of the proteosome that
mediates the degradation of IkB. Other
inhibitors of the proteosome are PR171130 and
Bortezomib.131 Both might inhibit NF-kB activa-
tion. The first one is in clinical trials for multiple
myeloma and the second one has already been
approved for that disease (Velcade; Millennium
Pharmaceuticals).

Pharmaceutical companies are also targeting
several other protein kinases in the pathways.
Two of these kinases are p38 and JNK.132–134 As
previously mentioned, both these proteins
belong to the MAPK pathways. Several existing
medications that are used to treat RA, inhibit
these molecules. A molecule that targets JNK
and has anti-inflammatory effects in animal
models is SP-600125.130 Additional compounds
that inhibit both JNK and p38 signaling, are 
the glucocorticoids. A possible mechanism by
which one glucocorticoid (dexamethasone) may
inhibit proinflammatory gene expression, is 
via the induction of the MAPK phosphatase-1
(MKP-1), which is a potent inhibitor of p38 
function.135

Recently, an important role of glucocorticoids
was specifically highlighted in TLR signaling.
As previously stated, both TLR3 and TLR4 acti-
vate IRF3-dependent gene expression (Figure 9.1).
Glucocorticoids block the induction of these
genes that contain ISRE, only in response to
TLR4.136 Thus, glucocorticoids may be able to

inhibit the formation of the IRF3/p65 complex in
TLR4 signaling, but cannot target the IRF3 homod-
imers that are formed in the TLR3 pathway.

Another group of compounds that inhibit p38
are the pyridinyl imidazoles.136 In animal models
of arthritis, they significantly reduced the severity
of the disease.137–139 Three other compounds that
are currently used for clinical trials are BIRB-796
(RA, CD, and psoriasis), SCIO469 (RA, dental pain,
and multiple myeloma), and VX-702 (RA).129,140

Apart from the proteins mentioned above,
there are several other components in the TLR
signaling cascades that could be good targets.
Two of them are the protein kinases IRAK-4 and
TAK1. IRAK-4 is essential for the phosphoryla-
tion and activation of IRAK-1. Designing specific
inhibitors for them, could be a good approach to
block the MyD88-dependent pathways. TAK1
plays a central role in linking the TLRs to the
activation of NF-kB and the MAPKs. Thus, its
inhibition could potentially inhibit all these 
signaling cascades.

Other proteins, that if inactivated, could have
beneficial results in chronic inflammatory and
autoimmune diseases, are the adapters MyD88
and TRAF-6. Designing peptides to prevent the
association of MyD88 to TLRs or its downstream
proteins, such as the IRAKs, could be a very suc-
cessful approach to prevent inflammation.
TRAF-6 participates in signaling induced by all
TLRs including TLR3. TRAF-6 contains a bind-
ing motif for IRAK-1 and links it with down-
stream proteins. Most likely, peptides that block
these interactions could block signaling. Nature
offers examples of preventing such protein inter-
actions in order to inhibit TLR signaling. The
Vaccinia virus contains two proteins, A46R and
A52R, that inhibit TLR signaling to limit the host
defense against the virus.141,142 A46R is a TIR con-
taining protein that disrupts MyD88-dependent
signaling. A52R blocus signaling downstream of
MyD88, at the IRAK-2 and TRAF-6 level, and it
is a strong inhibitor of TLR3 signaling, which is
important for the defense of the host against
viruses. It is therefore possible to use these pro-
teins to design inhibitory peptides of the TLR
signaling cascades. In a recent study, a peptide
derived from the A52R protein, successfully
blocked TLR activation in vitro. In particular, the
peptide dramatically reduced middle ear
inflammation, when used to treat mice that had
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been injected with heat-inactivated Streptococcus
pneumoniae through their tympanic membrane 
(a murine model of otitis).143

Lastly, another method, which could poten-
tially lead to the discovery of new therapeutic
agents, is to try and inhibit the ubiquitination of
certain proteins that play important roles in TLR
signaling, such as TRAF6 and TAK1.

FINAL PERSPECTIVE

The importance of the function of TLRs in the
activation of innate and adaptive immunity is
clear. Extensive research into the function of
TLRs continually increases the number of their
discovered ligands. These ligands are deriving
from invading microbial agents, but also from
dead or damaged cells of the host, due to infection
or autoimmune diseases.

Clarification of the differences among the
TLR signaling cascades has started. Some of the
dissimilarities are due to the fact that not all
TLRs recruit the same adapter molecule(s). In
addition, some TLRs, apart from proinflamma-
tory cytokines, are able to induce IFNs or 
IFN-inducible genes. However, further research
is required to identify all the protein interactions
that take place in the TLR pathways and all the
sets of genes that are activated by them.

The exact ways in which TLR signaling is
associated with inflammatory and/or autoim-
mune diseases need clarification as well. Certain
TLRs are expressed at higher levels in chronic
inflammation sites of several diseases including
RA. In these sites, there is a variety of exogenous
and endogenous molecules that can associate
with TLRs, thus activating innate as well as
adaptive immunity. However, there is inconsis-
tency between studies on polymorphisms that
attempted to link the lack of function of certain
TLRs with an alteration of the level of suscepti-
bility to certain inflammatory or autoimmune
diseases, such as RA. However, it is clear that
TLRs are involved in the pathogenesis of cer-
tain inflammatory and autoimmune diseases,
but it is not yet understood, if and how the
TLRs participate in the initiation of these 
diseases.

As research in the field of signal transduction
by the TLRs continues, the differences among all

the pathways induced by TLRs and their associ-
ation in the pathogenesis of inflammatory
and/or autoimmune diseases will be elucidated.
This knowledge will hopefully lead to the devel-
opment of new and successful therapies for the
regulation of inflammation and the treatment of
devastating diseases such as RA, SLE, CD, UC,
and atherosclerosis.
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INTRODUCTION

Cell-to-cell adhesion is vital for the formation
and maintenance of all tissues. However, little is
known about cell-to-cell interactions important
in the synovial lining. Recently, expression of a
cadherin superfamily member, cadherin-11, was
identified on fibroblast-like synoviocytes (FLS).
In vitro experiments demonstrated that the pres-
ence of cadherin-11 on FLS or a fibroblast cell
line was sufficient to form a lining layer reminis-
cent of the synovium. The synovial lining in cad-
herin-11-deficient mice is hypoplastic, confirming
the importance of this molecule in development
of the synovium. Furthermore, cadherin-11 was
necessary for the elaboration of both inflamma-
tion and cartilage erosions in a mouse model of
inflammatory arthritis. As will be discussed in this
chapter, these studies suggest that cadherin-11 on
FLS plays a critical role in synovial inflammation
and cartilage erosion, and may serve as a unique
therapeutic target in the management of rheuma-
toid arthritis (RA). This review seeks to provide
initial insights into how cadherin-11 modulates
FLS behavior and emphasizes how cadherin func-
tion in development and cancer biology offers
clues to its role in synovial pathology.

OVERVIEW OF CADHERINS

Several families of molecules are important for
cell-to-cell or cell-to-matrix adhesion. Typically,
b1 integrins mediate cell-to-matrix adhesion
while integrins, selectins, immunoglobulin
superfamily molecules, nectins, and cadherins
mediate cell-to-cell adhesion.1–3 Early investiga-
tions divided cell adhesion systems into 
calcium-dependent and calcium-independent
mechanisms.4 Calcium-dependent cell-to-cell
adhesion is mediated by cadherins, which are
expressed in nearly all tissues. Cadherin binding
is generally homophilic, meaning a cadherin 
of one type binds to a cadherin of the same type
on a neighboring cell.5 Although a given cell may
express several different cadherins, patterns 
of cadherin expression are tissue-restricted.6

Cadherin expression is particularly enriched in
adherens junctions, specialized areas of cell-to-cell
contact that connect to the internal actin
cytoskeleton.7

Cadherin structure

Classic cadherins (the main focus of this review)
belong to a family which includes the classic
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cadherins, desmogleins, desmocollins, protocad-
herins, and flamingo (or seven-pass) cadherins.6,8

This superfamily is defined by the presence of
extracellular cadherin repeats consisting of
approximately 110 amino acids that fold into a
7-stranded b-sandwich structurally similar to
the immunoglobulin domain.6,9 Classic cad-
herins are glycosylated single-pass type I 
transmembrane proteins consisting of five extra-
cellular cadherin repeats with a conserved cyto-
plasmic tail. The N-terminal extracellular
cadherin repeats (or ectodomains) are separated
from each other by conserved calcium binding
sites. Calcium binding rigidifies the extended,
chain-like cadherin structure and provides par-
tial protection against protease digestion.10,11

Cadherin binding specificity is determined
largely by the N-terminal first ectodomain.9,10,12

Multiple crystal structures have shown that
binding occurs through formation of a strand
dimer, where a conserved tryptophan from one
cadherin inserts into a conserved hydrophobic
pocket of an adjacent molecule.11,13–15 This inter-
action occurs reciprocally between the two cad-
herins of adjacent cells in a two-fold symmetric,
‘ball and socket’ topology (trans binding). Other
interactions between cadherins on the same 
cell can also occur (cis binding).16,17 Clustering of
cadherins by cis interactions with subsequent

transition to trans binding is postulated to be
important for regulation of cadherin adhesion.10,12

The C-terminal cytoplasmic tail contains 
two conserved binding sites for catenins, mole-
cules that regulate cadherin turnover and attach-
ment to the actin cytoskeleton (Figure 10.1).12

More distally, b-catenin binds at the catenin
binding sequence and interacts with a-catenin.
Dissociation of a-catenin from the cadherin com-
plex may act as a molecular switch, allowing a-
catenin to bind to actin, inhibiting extension of
actin fibers.18,19 a-Catenin also binds to several
other proteins important in regulation of actin
cytoskeleton formation, including a-actinin,
formin, and ZO-1.7 More membrane proximal in
the cadherin cytoplasmic tail is the p120 catenin
binding region, also referred to as the conserved
membrane proximal domain. Its binding 
is thought to be important for regulating cad-
herin transport, clustering, and interaction 
with various signaling cascades including src
family kinases and small Rho GTPases.20–23

Phosphorylation of cadherins and associated
catenins regulates the stability of cadherin–catenin
complexes, modulating the adhesive capacity of
a cell.24

Classic cadherins are further divided into 
two subgroups: type I (including cadherins 
E, N, P, R, M) and type II (including cadherins
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Figure 10.1 Interaction of cadherins with catenins is important for the formation of cell-to-cell contacts. Cadherin binding is clas-

sically homophillic, with cadherins of one type binding to a cadherin of the same type on an adjacent cell. Catenins bind to cad-

herins through conserved cytoplasmic tail binding motifs and are important for regulating cadherin complex turnover and linkage

to the actin cytoskeleton. b-Catenin links a-catenin to the cadherin molecule, but cytosolic b-catenin can also translocate to the

nucleus where it interacts with the TCF/LEF family of transcription factors. a-Catenin interacts with actin both directly and via

binding to several proteins that regulate actin cytoskeleton turnover. P120 catenin binds more proximally to the cadherin tail

and is thought to play a role in regulating complex stability and interactions with cell signaling pathways.
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VE, 6, 7, 9, 10, 11, 12, 18, 19, 20).6 Type I cad-
herins have only one conserved tryptophan
located at the second amino acid position (Trp2)
in the first ectodomain that participates in strand
dimer formation. In contrast, type II cadherins
have two tryptophans (Trp2 and Trp4). As a con-
sequence, the hydrophobic pocket accommodat-
ing the tryptophans is larger in type II
cadherins.14 Type I cadherins also have a con-
served histidine, alanine, valine (HAV) sequence
in the first ectodomain that is not present in type
II molecules. Interestingly, while type II cad-
herins have more homologous first ectodomain
sequences compared with type I molecules, they
also have greater variability in the intervening
regions between the catenin binding motifs.6,14

These structural distinctions between type I and
type II cadherins suggest ways that cadherin
structure may modify function, both in terms of
binding specificity and cytoplasmic interactions.

Functional roles for cadherins

The importance of cadherins was first shown in
morphogenetic studies. Initial observations cor-
related spatiotemporal expression of different
cadherins with cellular migrations that lead to
new tissue layer formation during embryonic
development.4 There are now many examples in
which disruption of specific cadherin adhesions
by various methods, including expression of
dominant negative constructs and gene ablation,
results in stage-specific failure of embryogene-
sis.25-28 Observations from development studies
indicate that cadherins are critical for cell sorting
and subsequent tissue morphogenesis. In vitro
experiments modeling this show that two cell
lines expressing different cadherins or different
levels of the same cadherin will separate into
distinct, cell line-specific aggregates over time.29,30

Simplistically, expression of like cadherins
merges cell populations into a common structure,
while loss or disconcordance of cadherin expres-
sion allows cells to migrate and form separate
structures.31

Cadherins play a role in many critical
processes that depend on cell-to-cell con-
tacts5,12,32 Beyond their role in development, cad-
herins continue to be crucial in the controlled
growth and turnover of adult tissues, including

the maintenance of epithelial and endothelial
junctions.12,33 Cadherins are critically involved in
cellular rearrangements necessary for the move-
ment of cells over one another (intercellular
motility). Such movements are important for
separation of tissue layers, maintenance of tissue
boundaries, intercalation of cells into tissue
masses, formation of neuronal synapses, and
regeneration of lining layers.

CADHERINS IN THE SYNOVIUM

Cadherins in normal synovium

The synovium is a delicate, lacy structure that
lines the joint cavity, providing lubrication and
nutrients to the articular cartilage.34 It consists of
a lining layer a few cells thick that rests on a
looser connective tissue sublining. The synovial
lining consists of two cell types, type A
macrophage-like synoviocytes (MLS) and type B
fibroblast-like synoviocytes (FLS).35 Accordingly,
the lining is neither an epithelial nor an endothe-
lial structure and lacks a true basement mem-
brane. However, FLS produce an organized
extracellular matrix (ECM) that supports the
lining layer, in which MLS and FLS make con-
nections with each other and the underlying
ECM. The nature of these connections has not
been clearly defined.1 Histological studies have
shown that certain integrin/integrin-counter
receptor subunits are expressed by synovio-
cytes.36–39 It has been proposed that vascular cell
adhesion molecule 1 (VCAM)-1 and intercellular
cell adhesion molecule 1 (ICAM-1) on FLS may
be important for mediating binding to MLS
through their respective integrin ligands.40–42

Given the importance of cadherins in cell-to-
cell interactions in other tissues, it was postu-
lated that cadherins might play a role in the
synovium. Using degenerative oligonucleotides
corresponding to the highly conserved cadherin
cytoplasmic tail, cadherin-11 was isolated from
RA-FLS.43 Cadherin-11 (initially named OB-
cadherin) is a type II cadherin that was first
cloned from both human and mouse osteoblast
lines and was found to be highly homologous
between these two species, differing in only 
17 amino acids.44,45 Cadherin-11 expression has
been demonstrated in brain, lung, kidney, 
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pericardium, testis, prostate, uterus, placenta,
colon, and growth plate cartilage, but not in the
liver, spleen, thymus, skeletal muscle, or normal
skin.43–52 Cadherin-11-deficient mice are known
to have both reduced bone density in the
calavaria and femoral metaphyses and enhanced
long-term neuronal potentiation in the hip-
pocampus, leading to reduced fear and anxiety
responses.53,54

Using cell lines derived from synovial tissues,
expression of cadherin-11 on human FLS was
confirmed by northern, western, and flow cyto-
metric analysis. No substantial expression of
cadherin-11 was detected on CD45-positive bone
marrow lineage cells (e.g. macrophages) in 
disaggregated synovial specimens, indicating
cadherin-11 expression is principally on FLS.43

Histological studies on normal, osteoarthritic,
and RA synovium showed prominent cadherin-
11 staining in the lining layer with rare cadherin-
11-reactive cells noted in the sublining region.43

Unlike prior reports,55,56 no staining for epithelial
(E)-cadherin was noted in the synovium,
although more recently, neuronal (N)-cadherin
FLS expression has also been demonstrated
(unpublished observations).

The presence of cadherin-11 on FLS suggests
that this molecule is important for mediating
cell-to-cell contacts in the synovium. Confocal
and immunoprecipitation studies established
that FLS cadherin-11 is found predominantly at
sites of cell-to-cell contacts and co-localizes with
the molecules necessary for cadherin function:
a-catenin, b-catenin, p120 catenin, and actin.57

Moreover, cadherin-11 expression proved suffi-
cient to organize a lining layer structure in three-
dimensional culture systems. FLS dispersed in
Matrigel‰, a basement membrane-like ECM,
formed a spontaneous lining at the media–matrix
border over time in culture, similar to that of the
synovial lining at the junction with the joint fluid
space.57 Formation of this lining in vitro was
blocked by a cadherin-11-Fc fusion protein.
Furthermore, cadherin-11 transfection into L cells,
a fibroblast line that lacks its own cadherins but
expresses catenins, confers upon these cells a
similar ability to form a lining. The role of 
cadherin-11 in synovial lining formation, first sug-
gested in vitro, has now been confirmed in vivo.
Histologic examination of synovial joints from

mice lacking functional cadherin-11 revealed the
synovial lining to be hypoplastic.58 By trichrome
staining, the ECM underlying what cells 
were present was markedly reduced. Taken
together, both in vivo mouse and in vitro mouse
and human studies provide compelling 
evidence that cadherin-11 is a critical mediator 
of cell-to-cell interactions necessary for FLS-
mediated synovial lining layer formation.

Cadherins in inflammatory arthritis

RA is a polyarticular inflammatory arthritis
characterized by transformation of the synovial
lining from a thin layer that respects other joint
structures into a hyperplastic tissue mass, or
pannus, capable of extending into the joint space
and eroding cartilage and bone.34 Inflammatory
cells infiltrate the synovial sublining and pro-
duce proinflammatory cytokines, chemokines,
and growth factors that stimulate synovial lining
hyperplasia, resulting in a marked increase in
both the numbers and activation of MLS and
FLS.59 In turn, synoviocytes release additional
cytokines, chemokines, and growth factors that
help sustain inflammation and produce
enzymes that are capable of degrading ECM,
destroying cartilage and bone.

Using the murine KxB/N serum transfer
model of inflammatory arthritis,60,61 the role of
cadherin-11 was tested by inducing arthritis in
both cadherin-11-deficient and wild-type mice
Remarkably, compared with wild-type, cadherin-
11-deficient mice developed substantially less
arthritis by clinical measures and histologic exam-
ination.58 Both a monoclonal antibody against cad-
herin-11 and a cadherin-11-Fc fusion protein
inhibited the formation of arthritis, confirming
that cadherin-11 modulates synovial inflamma-
tion.58 Furthermore, cadherin-11-deficient mice
were uniquely protected from direct cartilage 
erosion by the synovial pannus. The reduced hyper-
plastic synovial lining reaction that did occur in
cadherin-11-deficient mice was disorganized and
lacked the cellular compaction seen in the pannus
of wild-type mice. In contrast to the lack of carti-
lage erosion in cadherin-11-deficient mice, the
extent of bone erosion, mediated by osteoblast
activation, was similar to wild-type arthritic
mice. Therefore, cadherin-11 on FLS appears to
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have dual actions in inflammatory arthritis, con-
tributing to both the underlying inflammatory
response and FLS-mediated cartilage destruction.

CADHERINS IN CANCER: IMPLICATIONS FOR
PANNUS BEHAVIOR IN INFLAMMATORY
ARTHRITIS

The mechanisms by which cadherin-11 regulates
synovial biology in health and inflammation are
now under active investigation. Several lines of
evidence indicate that cadherins may have a role
in promoting cell motility and invasion. In par-
ticular, changes in cadherin expression in many
tumors have been correlated with increased
tumor invasiveness.6 Examination of the role of
cadherins in cancer may provide insights into
how cadherin-11 functions in inflammatory
arthritis.

The inflamed synovium becomes hyperplas-
tic, forming a pannus that erodes into both artic-
ular cartilage and underlying bone in a manner
somewhat analogous to a locally invasive
tumor.59 Cultured RA FLS, but not osteoarthritic
or normal FLS, maintain the ability to invade
cartilage implants in SCID mice, suggesting an
underlying dysregulation of FLS in RA.62

Although RA FLS are not tumor cells, they do
display some characteristics of transformed
cells.34 These characteristics include anchorage-
independent growth,63 somatic mutations in the
tumor suppression gene p53,64 and possible
origin from oligoclonal precursors.65 As described
earlier, the absence of cadherin-11 in mouse
inflammatory arthritis results in a disorganized
synovium that fails to crawl onto and degrade
cartilage. How cadherin-11 modulates the ability
of synovium to erode cartilage is not known.
However, cadherins are known to impact the
ability of cancer cells to invade and metastasize.
Given that both cancer and inflamed synovium
reflect cellular changes that permit aberrant
tissue invasion, examination of the role of cad-
herins in cancer cell motility and invasion may
provide insights into how cadherin-11 influences
the invasive behavior of FLS.

Changes in cadherin expression and function
are a hallmark of epithelial-to-mesenchymal tran-
sition (EMT), which is important both in embry-
onic development and in carcinoma formation.

EMT is a process by which epithelial cells dis-
solve cell-to-cell contacts and lose apical-basal
polarity, transforming into mesenchymal cells
that are able to migrate. A hallmark of EMT is
loss of E-cadherin function.66 The first EMT in
development occurs during gastrulation, where
up-regulation of the Snail family of transcription
factors represses E-cadherin expression and pro-
motes migration of the developing mesoderm
and endoderm from the epiblast. In tumor cells,
EMT may be either partial or complete and
requires a series of changes, including oncogenic
transformation of ras, src, or receptor tyrosine
kinases along with autocrine/paracrine signal-
ing loops.67,68 Several autocrine growth factors
have been implicated, including transforming
growth factor-b (TGF-b), platelet-derived growth
factor (PDGF), and fibroblast growth factors
(FGF). In addition, multiple signaling loops are
activated, including Wnt, Notch, Hedgehog, and
nuclear factor kappa B (NF-kB), some of which
lead to re-expression of development transcrip-
tion factors such as Snail or its related family
member, Slug.

Importantly, loss of E-cadherin expression or
function is associated with several types of epithe-
lial cell-derived tumors, including breast, skin,
gastric, pancreatic, lung, and cervical cancers.
Further, loss of E-cadherin also often correlates
with increased invasiveness.6,69–71 Expression of 
E-cadherin, by maintaining epithelial cell-to-cell
contacts, is thought to act as a brake on invasion of
cells into the underlying stroma. For example, in a
mouse model of pancreatic b cell carcinogenesis,
forced expression of E-cadherin resulted in arrest
of tumor development while expression of a dom-
inant negative form of E-cadherin induced early
invasion and metastasis.71

Further investigations suggest that develop-
ment of an invasive phenotype in epithelial car-
cinomas may not simply be due to loss of
E-cadherin, but also to the inappropriate expres-
sion of mesenchymal cadherins such as N-cad-
herin and cadherin-11. In one histologic study of
prostate cancer, increased tumor grade correlated
with both decreased expression of E-cadherin and
increased expression of both N-cadherin and 
cadherin-11.52 Interestingly, certain tumor areas
contained cells expressing both E-cadherin 
and N-cadherin, suggesting a transition state
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between the loss of an epithelial phenotype 
and acquisition of a mesenchymal phenotype.
Correlation of N-cadherin expression with 
invasive phenotype has also been seen in breast
cancer and melanoma.72–74 Transfection of 
N-cadherin or cadherin-11 into breast cancer cell
lines increased their motility and invasiveness in
vitro, regardless of expression of E-cadherin.75,76

In a mouse mammary tumor model, injection of
one of these N-cadherin-expressing transfectants
resulted in widespread metastasis not seen with
the original cell line.75 Similarly, transfection of
cadherin-11 into the L-cell fibroblast cell line
increased the motility.21

It is not fully clear how expression of 
N-cadherin or cadherin-11 may increase tumor
invasiveness. It has been proposed that expres-
sion of these mesenchymal cadherins might pro-
mote increased interactions of tumor cells with
the underlying stromal cells, helping overcome
one barrier to invasion.72 Alternatively, these
cadherins might uniquely influence other path-
ways that promote invasion. One possibility is
through direct interactions with growth factor
receptors. For example, N-cadherin has been
shown to associate with an FGF receptor, and
breast cancer lines transfected with N-cadherin
dramatically up-regulated matrix metallopro-
teinase (MMP)-9 expression when treated 
with FGF-2.75 These results suggested that 
N-cadherin, by causing a sustained activation of
an FGF receptor, promoted production of a 
protease capable of degrading ECM, leading 
to increased invasive capacity. In fibroblast 
cultures, increasing cadherin-11 contacts as cells
became confluent resulted in dramatically
increased expression of the angiogenic factor
vascular endothelial growth factor (VEGF)-D,77

providing another example where cadherins
influenced that growth factor/growth factor
receptor pathways.

Another possible way by which cadherins
may influence invasion is through coordinated
regulation of cadherin and integrin function to
promote increased attachment to the ECM and
its degradation by integrin-associated pro-
teases.78,79 Many examples of ‘cross-talk’
between cadherins and integrins have been
described. For instance, integrin-mediated bind-
ing of fibronectin-coated beads to bovine aortic

endothelial cell monolayers rapidly disassembled
vascular endothelial (VE)–cadherin adherens
junctions via increased catenin phosphorylation
by activated src kinase.80 It was postulated that
integrin-mediated signals may be important in
triggering disruption of cadherin contacts 
necessary to allow angiogenesis. In a skin cancer
model, disruption of cadherin complexes with
dominant negative E-cadherin construct in
transformed human keratinocytes was shown to
actually up-regulate a-2, a-3, and b-1 integrin
expression, allowing tumor cells to be preferen-
tially retained at the basement membrane when
implanted onto the skin of nude mice.81 Finally,
siRNA knockdown of the integrin signaling
molecules Fak and paxillin in HeLa cells
resulted in both the impairment of robust colla-
gen adhesions and formation of N-cadherin cell-
to-cell contacts due to a failure to down-regulate
activity of the small GTPase molecule, Rac1, at
the cell periphery.82

The synovium is a mesenchymal tissue that
expresses cadherin-11 and N-cadherin, and cad-
herin-11 appears necessary for FLS to invade into
cartilage during inflammatory arthritis. Given the
striking effects of mesenchymal cadherin-11 and
N-cadherin in tumor cell behavior, it seems likely
that cadherin-11 may similarly influence the inva-
sive and destructive behavior of the synovial
pannus in RA. Thus cadherins may influence car-
tilage invasion by FLS through modulation of
their expression or adhesive activity, via changes
in integrin function, by their association with
growth factors, or through other undetermined
mechanisms that remain to be characterized.

CADHERINS AND INFLAMMATION

Given that cadherin-11 plays a role in forming
FLS-to-FLS contacts, it was unexpected that the
inflammatory response in K/BxN serum trans-
fer arthritis was strikingly impaired in cadherin-
11-deficient mice. This observation suggests a
role for cadherin-11 in the modulation of inflam-
mation. One explanation for this finding may be
that cadherin-11-deficient FLS are an ineffective
scaffold, providing poor organization and 
support to infiltrating inflammatory cells.
Impairment of the ability to remodel cell-to-cell
contacts may prevent the ability of a tissue to
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recruit or sequester inflammatory cells. In a
mouse sepsis model, disruption of VE–cadherin
adherens junctions through expression of a
dominant-negative cadherin construct pre-
vented neutrophil accumulation in the lung,
possibly through modulation of endothelial
ICAM-1 function.83 Furthermore, although cad-
herins classically bind to other cadherins, het-
erotypic interactions with non-cadherin ligands
on subtypes of immune cells have been
reported. One such interaction includes binding
of intestinal T lymphocytes to E-cadherin via
integrin aEb7, which may have a role in localiza-
tion of this T-cell subset to the gut mucosa.84

More recently, binding of the NK cell receptor
killer cell lectin-like receptor G1 (KLRG1) to E-,
R-, and N-cadherin has been reported.85,86 This
interaction was shown to inhibit both NK cell
killing as well as the acquisition of effector CD8+

memory T-cell function. It is possible that simi-
lar types of heterotypic interactions may be
important in synovial inflammation.

In addition, there is a growing appreciation
that FLS produce cytokines (e.g. interleukin 
(IL)-1, IL-6, IL-15), chemoattractants (e.g. IL-8,
monocyte chemoattractant protein-1), and
growth factors (e.g. PDGF, VEGF) that may con-
tribute to synovial inflammation.87 Impaired syn-
ovial hyperplasia in cadherin-11-deficient mice
may decrease the amount of some mediators by
impairing FLS recruitment, activation, or prolif-
eration. In fact, in cancer cells lines, N-cadherin
ligation has been shown to have an anti-
apoptotic action by increasing Bcl-2 expression
through activation of Akt/protein kinase B88

or by sequestering procaspase-8, preventing 
its recruitment to death-inducing signaling 
complexes.89

Moreover, several major points of intersection
exist between cadherins and gene transcription
pathways. For example, when not bound to the
cadherin cytoplasmic tail, b-catenin can translo-
cate into the nucleus as a transcription factor 
in association with T-cell factor/lymphoid
enhancer factor (TCF/LEF) family members
(Figure 10.1).90,91 TCF/LEF-induced transcrip-
tion has been shown to up-regulate a diverse
number of proteins, including c-myc, cyclin D1,
and MMP-7.90 b-Catenin is central to coordination
of canonical Wnt signaling pathways. Wnts are

important regulators of cellular proliferation and
differentiation, and they have been implicated in
increasing RANKL and fibronectin synthesis in
RA FLS.92 Binding of Wnts to their receptors, 
the Frizzled homologs, increases the cytosolic
pool of free b-catenin available to translocate 
to the nucleus and bind to TCF/LEF. Thus, the
amount of cytosolic b-catenin is tightly 
controlled, with free b-catenin being rapidly
translocated into the nucleus or targeted 
for degradation. Regulated disassembly of 
cadherin complexes may potentially release a
large pool of previously sequestered b-catenin
into the cytosol, increasing TCF/LEF gene 
transcription.

Other points of intersection between cadherin
complexes and both the NF-kB and mitogen-
activated protein kinase (MAPK) signaling path-
ways have been described in mice with
epidermal ablation of p120 catenin and a-
catenin expression, respectively.33,93 Both NF-kB
and MAPK pathways are critical in the regula-
tion of synovial inflammation, increasing
expression of cytokines, proteases, and cell
adhesion molecules.59,94 Ablation of p120 catenin
expression in mouse epidermis did not affect
epidermal barrier function.93 Instead, these 
mice developed progressive skin inflammation
with hyperkeratosis and chronic wasting.
Keratinocytes lacking p120 catenin had
increased nuclear translocation of NF-kB with
associated increased transcription of NF-kB-reg-
ulated genes such as TNF-a, IL-1b, and IL-6.
Ablation of a-catenin, on the other hand, did
result in dramatic defects in skin and limb 
formation.33 a-Catenin–deficient epidermis dis-
played hyperproliferation with defects in epi-
thelial polarity, and knockout keratinocytes
displayed sustained activation of the Ras-MAPK
cascade due to aberration in growth factor
responses. Both examples highlight that cadherin–
catenin complexes may interact with signaling
pathways that control many cellular functions,
including cellular proliferation and inflamma-
tory responses. Whether the role of cadherin-11
in inflammatory arthritis is to maintain a scaf-
fold that promotes inflammation or directly
influences the production of inflammatory
mediators will be an important goal of future
work.

CADHERIN-11 IN ORGANIZATION OF SYNOVIAL LINING 127

9781841844848-Ch10  8/10/07  1:47 PM  Page 127



CADHERINS AS THERAPEUTIC TARGETS 
IN RHEUMATIC DISEASES

Cadherin-11 is expressed on FLS in the syn-
ovium and is important in the ability of these
cells to form a lining layer structure. Compared
with wild-type mice, cadherin-11-deficient mice
challenged with K/BxN serum are resistant to
the development of arthritis and protected
against cartilage erosion. These observations
suggest that the synovium is not just a
bystander, but rather an active participant in the
joint inflammatory response. Similar to the effect
seen in cadherin-11-deficient mice, treatment of
B6 mice with either an anti-cadherin-11 mono-
clonal antibody or a cadherin-11-Fc-fusion pro-
tein can block the initiation of arthritis,
suggesting that molecules directed against cad-
herins may become a new class of therapeutics
that can specifically target the behavior of FLS.

Treatment of RA over the last decade has
been revolutionized by the development of bio-
therapeutic agents against different components
of the immune system, including proinflamma-
tory cytokines (e.g. the TNF inhibitors), B cells
(rituximab), and T-cell costimulation (abata-
cept). Although RA is a disease caused by
immune dysregulation, joint destruction is ulti-
mately a result of bone and cartilage erosions,
mediated by activation of osteoclasts and syn-
ovial pannus. Recently, it was shown that inhibi-
tion of the RANK-RANKL pathway can
specifically inhibit bone erosions independent of
inflammation by blocking osteoclast activity.95

Furthermore, in mouse arthritis models, co-
treatment with agents that block both inflamma-
tion and bone erosion had an additive effect in
blocking joint destruction.96 These results sug-
gest that new classes of therapeutics independ-
ent from those that target the immune system
may be valuable in targeting effector pathways
that directly mediate joint destruction.

Currently, no therapies exist that that are
designed primarily to protect cartilage.
Cadherin-11 represents a new potential thera-
peutic target directed against FLS that may 
both reduce inflammation and uniquely protect
against cartilage erosion. Ideally, agents will
continue to be developed against all components
of the synovial response: inflammatory cells,
synovial pannus, and activated osteoclasts

(Table 10.1). Ultimately, combinations of agents
that target these three classes of cells (inflamma-
tory cells, FLS, and osteoclasts) may provide the
safest and most effective treatment to prevent
long-term joint destruction in RA.
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INTRODUCTION

The mechanisms of autoimmune disease are
quite diverse. In some diseases, antibodies are of
major importance in driving the pathogenesis of
the disease; these include myasthenia gravis dis-
ease, Graves’ disease, Goodpasture’s syndrome,
and autoimmune hemolytic anemia.1,2 In others
T cells appear to be more important; these
include multiple sclerosis and type I diabetes.3,4

However, in human diseases the mechanisms
are usually complex, and there are usually huge
gaps in our knowledge. For diseases where anti-
bodies are important, there is often clear-cut 
evidence; for example, improvement upon
removing the antibody by plasmapheresis (e.g.
in Goodpasture’s syndrome), or mother-to-fetus
transfer of disease due to transfer of pathogenic
antibody. In other instances, if antibody-mediated
pathology is not clearly defined, it is assumed
that T cells are important. However, in human
diseases, in contrast to animal models, the data
needed to establish this point are usually cir-
cumstantial. In animal models transfer of T cells
or antibody is possible to verify mechanisms.
Collagen-induced arthritis, a model of rheuma-
toid arthritis (RA), is transferable by both T cells
and antibodies.5 However, other models differ.
K/BxN arthritis is transferable by serum or puri-
fied antibodies to glucose-6-phosphate isomerase.6

Tumor necrosis factor (TNF)-α transgenic arthri-
tis is transferable in the absence of T or B cells, as
it can be back-crossed to T- and B-cell deficit
RAG knockout mice.7 Hence studies in animal
models are inherently incapable of providing
definitive answers as to the pathogenesis of
complex heterogeneous multigenic diseases,
such as RA.

For RA the mechanism of disease has been the
subject of many different hypotheses with 
the role of T cells emphasized by some,8–10 and 
that of antibody and B cells,11 and of synovial
fibroblast-like cells by others.12,13 These conflict-
ing hypotheses reflect the fact that there is much
left to learn about pathogenic processes, let
alone how these processes are engaged by the
causative ‘etiological’ interactions of genes and
environment.

The first attempts to evaluate directly the role
of T cells in human autoimmune diseases such
as RA by using therapeutic monoclonal antibodies
to CD4 were not successful, and so failed to con-
firm their role.14,15 However, CTLA-4-Ig (abata-
cept) has proved to be efficacious in RA16 and
more encouraging results appear to be forth-
coming for non-lytic antibodies to CD4,17 and
possibly to CD3,18 and concepts are emerging
that might explain the failure of the early anti-
CD4 experiments. These include the removal 
of CD4+ regulatory T cells, many of which
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express CD25.19 This may also explain the failure
of interleukin (IL)-2 toxin to be beneficial.20

Furthermore, while lytic antibodies to CD4 were
very effective in reducing CD4+ counts in blood,
this was not the case in terms of synovial T cells.21,22

CYTOKINES AND RA

Our work which led up to defining TNF-α as a
useful therapeutic target is based on considering
concepts of the pathogenesis of autoimmune
disease. In 1983 we published a hypothesis
based on immunohistological analysis of diseased
tissue, overexpressing major histocompatibility

complex (MHC) class II, suggesting that autoim-
mune disease involved up-regulation of antigen
presentation.23 The only molecules known at 
the time to up-regulate MHC class II expression
were cytokines such as interferon (IFN)-γ, and
thus we postulated that local cytokine produc-
tion was a critical early step in the pathogenesis
of autoimmunity (Figure 11.1). Our concept was
based mostly on thyroid disease, but was also
compatible with diabetes and RA,24–26 in which
up-regulation of MHC class I and II has also
been noted. This hypothesis attracted a lot of
attention and experimental support. Thus it was
found that transgenic mice27 expressing IFN-γ
in the islets of Langerhans under the control 
of the insulin promoter developed an autoim-
mune diabetes. In contrast, transgenic mice
expressing MHC class I antigen in the islets had
islet damage,28 but this was due to an autoim-
mune response. Subsequently transgenic mice
overexpressing IFN-γ in many sites were found
to develop local inflammatory autoimmune dis-
ease in the eye and CNS (Figure 11.2).29,30

To explore these hypothetical mechanisms of
autoimmunity, and to investigate whether our
concept was correct, we performed a number of
studies in human systems. The first set of exper-
iments was performed using thyroid tissue
taken at operation from Graves’ disease patients.
With this tissue our colleague Marco Londei was
able to clone autoreactive T cells from the thyroid
tissue that recognized, and were restimulated,
by thyroid epithelial cells from diseased
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Figure 11.2 Sections of synovial tissue labeled with rabbit anti-HLA-DR antibody and using FITC-labeled anti-rabbit as second

antibody. (Klareskog L et al. Proc Natl Acad Sci U S A 1982; 79: 3632–6.)

Up-regulation of HLA-DR in rheumatoid synovium

Expression of HLA-DR on cells usually negative indicates presence of inducers = cytokines

Rheumatoid arthritis Osteoarthritis

Figure 11.1 Cytokines as mediators of inflammation.

TNF-α bound to receptor

Cytokines
Short range protein mediators
Involved in: immunity,
inflammation, cell growth,
differentiation, repair, fibrosis
Produced in response to 
‘stress’
About 150 currently defined,
probably ~300 in total

Proinflammatory cytokines
drive inflammation
(e.g. TNF, IL-1, IL-6, GM-CSF)
Induce activation and 
accumulation of leukocytes
These produce mediators
which cause pain, swelling,
stiffness and initiate tissue
damage
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patients31 or normal thyroid epithelial cells
induced to express HLA class II. This result was
interesting and controversial as it demonstrated
that an epithelial cell, once it was induced by
cytokines, was able to stimulate already activated
T cells. Influenza-specific T-cell clones were also
able to be stimulated by thyroid epithelial cells,32

if these were appropriately HLA matched.
Proinflammatory cytokine expression in Graves’
disease tissue33 was detectable and cytokine
injection induced thyroiditis, and so the outline
of this concept of autoimmune induction was
established. However, attempts to use this infor-
mation for patient benefit failed, as there is not
much ‘unmet medical need’ in Graves’ disease
as judged by the pharmaceutical industry and
hence no commercial interest. In RA there was
also evidence of a local immune and inflamma-
tory response as judged by the nature of the cell
infiltrate, and up-regulated MHC expression. 
In contrast there was a significant unmet med-
ical need, and also the opportunity to study the
disease tissue at various stages, including at the
height of the local disease process, which is not
possible in most human diseases.

CYTOKINE EXPRESSION IN RHEUMATOID
SYNOVIUM

Cytokines, short-range protein messenger mole-
cules involved in immunity, inflammation,
fibrosis, repair, etc., were first cloned in the early
1980s. With the cloning of cDNA for cytokines,
assays specific for these molecules were devel-
oped; for example, detection of mRNA by north-
ern blotting. Detection of the protein was made
possible by the generation of specific mono-
clonal and polyclonal antibodies generated
using the cytokine proteins obtained in pure
form by expression from cDNA. Hence the func-
tion of cytokines could now be studied in vivo
and in vitro, in the absence of contaminating 
signals. This led to a rapid expansion in cytokine
research, which is still ongoing, and to the 
deeper understanding of multiple biological
processes of high relevance to arthritis, including
inflammation, immunity, and cell proliferation.
Based on this understanding, the use of
cytokines and anti-cytokines in medicine has
been established. Initially this involved the use

of hemopoietic factors, such as erythropoietin
(EPO)34 and granulocyte colony-stimulating
factor (G-CSF),35 and the IFNs.36,37

Synovial joints, which are relatively acellular
in health, with a lining layer of fibroblast-like
cells and macrophages, are infiltrated by a mas-
sive accumulation of blood-borne cells in RA.
These cells are chiefly T lymphocytes (20–30%)
and macrophages (30–40%), with B lymphocytes,
plasma cells, and dendritic cells.38 To sustain this
new tissue mass, angiogenesis is a prominent
feature.39–41 As multiple activated cell types are
present in this tissue, it is not surprising that
using appropriate technology it is found that
there is abundant cytokine expression in the
rheumatoid synovium (Table 11.1).

Cytokine analysis in RA engaged a number of
research groups, assaying different aspects in
various ways. The initial groups studied
cytokines in synovial fluid. IL-1 was the first
cytokine to be detected in RA, using a bioassay,
by Fontana et al.42 Other groups studied
cytokine mRNA expression by in situ hybridiza-
tion,43 whereas the approach in our laboratory
was to look for local mRNA expression by 
blotting.44 The rationale for this was that locally
produced cytokines were most likely to be
important in the disease process. Having
detected a plethora of cytokine mRNAs by in situ
hybridization or blotting, it was important to
establish that the relevant proteins were, indeed,
synthesized in the synovium. Several approaches
were useful. Immunostaining of biopsies was
successful,45 as were assays of cytokine protein in
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Table 11.1 Many cytokines are produced in
rheumatoid synovium

Proinflammatory
e.g. IL-1, IL-6, TNF-α, IL-12, IL-15, IL-17, IL-18,

IFN-γ, IL-2, OncoM, GM-CSF
Anti-inflammatory
e.g. IL-10, IL-1Ra, TGF-β, IL-11, IL-13
Chemokines
e.g. IL-8, MIP-1α, MCP-1, RANTES, ENA-78, GROa
Growth factors
e.g. VEGF, PDGF, FGF

Almost all cytokines are present in RA synovium except IL-4
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synovial fluids.46–48 We also found that short-
term unstimulated cultures of cells dissociated
from the whole synovial membrane (a complex
cell mixture) yielded cytokine-rich supernatants
for assay.38,44 These studies using multiple
approaches verified that a great number of
proinflammatory cytokines such as IL-1, TNF-α,
IL-6, GM-CSF, and IL-8 were locally pro-
duced.44,49–51 This was found in essentially all the
rheumatoid synovial membrane samples
assayed regardless of the duration of disease or
its treatment.

In normal circumstances proinflammatory
cytokines are expressed for a short period of
time in response to extrinsic stimuli such as
lipopolysaccharide (LPS). Thus their consistent
presence in biopsies or operative samples sug-
gested that, unlike normal stimulation, cytokine
synthesis in rheumatoid synovial tissue may be
‘constitutive’. This was also the first clue that
cytokines may be important, as their production
was dysregulated compared with normal cells in
culture. However, analysis of the results also
revealed that there were a number of proinflam-
matory cytokines such as TNF-α, IL-1, IL-6, and
GM-CSF with closely related biological proper-
ties in active rheumatoid synovium. This raised
the question as to which, if any, might be rate
limiting, and hence might be a useful therapeu-
tic target. If the concepts generated thus far 
in vitro were correct, then blocking a single
cytokine might not be useful, as the proinflam-
matory activity would still be driven by the
remaining proinflammatory cytokines.

We, and others, also studied the expression 
of anti-inflammatory cytokines such as IL-10, 
IL-1ra, and transforming growth factor(TGF)-β in
rheumatoid synovium.51–54 This was relevant, as
it was possible that the chronic inflammation of
RA was due to anti-inflammatory cytokines not
being expressed there, and the proinflammatory
mediators not being counterbalanced by anti-
inflammatory mediators. The production of anti-
inflammatory mediators such as IL-10, TGF-β1,
soluble TNF receptor, IL-1 receptor antagonist,
and IL-11 in rheumatoid synovium was found to
be considerably up-regulated.51–54 For example,
levels of up to 1 ng/ml of IL-10 were found in
rheumatoid synovial cultures. These quantities
were found to be biologically significant from

neutralizing antibody studies, using anti-IL-10
in synovial cultures, in a mirror image of the
anti-TNF-α work described below. It was found
that anti-IL-10 antibody augmented the amounts
of TNF-α and IL-1 produced by the synovial cul-
tures 2–3-fold.51 Thus the IL-10 endogenously
produced was partially down-regulating the
major proinflammatory cytokines. In a converse
set of experiments it was shown that adding IL-10
to synovial cultures was anti-inflammatory, sug-
gesting that IL-10 might be a useful therapeutic
agent. This was indeed the case in animal
models,55 but in humans the therapeutic effect at
tolerable doses was modest.56

The amounts of TGF-β1 are high in synovial
culture, approximately 10 ng/ml.57 It appears
that this is a plateau level, as adding more has 
an insignificant effect on production. As the
immunoregulatory effects of TGF-β are moder-
ately long-lived in vitro, it is not possible to
demonstrate any worsening of cytokine in syn-
ovial cultures on its neutralization, and so its
role in the pathogenesis of RA is still not under-
stood. In animal models there is convincing evi-
dence that TGF-β has both proinflammatory and
anti-inflammatory roles,58 and regrettably the
profibrotic effects of TGF-β1 have halted its use
in clinical trials.59

The production of anti-inflammatory media-
tors in rheumatoid synovium appears to be
partly under the regulation of the proinflamma-
tory mediators, as blocking TNF-α partly inhib-
ited production of IL-10, solTNF-R, and
IL-1ra.44,51 This appears to be also true in vivo, as
judged by clinical trial data, most dramatically
for IL-1ra,60 somewhat less so for solTNF-R and
IL-10. The implications of this are not fully
understood, but it may explain why blocking
TNF-α exerts only a temporary effect in patients
due to the concomitant down-regulation of the
IL-10, IL-1ra, and solTNF-R homeostatic mecha-
nisms in the disequilibrium of cytokines, as
shown in Figure 11.3.

Other anti-inflammatory cytokines appear to
be poorly expressed. The presence of IL-4 in
rheumatoid synovial tissue is occasional, and
most studies do not report it.61 This may be of
relevance to the Th1 preponderance that is
reported in rheumatoid patients, as IL-4 is the
most potent cytokine skewing towards the 
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Th2 phenotype and inhibiting Th1 cells. IL-13 is
reported to be present in some studies,62 but not
others.63 The inconsistent results are not under-
stood, but the heterogeneity of RA is well known.

CYTOKINE GENE REGULATION IN SYNOVIUM

To test if the pathology in RA is due to the dys-
regulated and prolonged production of
cytokines, dissociated cell cultures of rheuma-
toid synovium were used to study cytokine reg-
ulation in the diseased tissue. The cells were
found to reaggregate rapidly, and produced
proinflammatory cytokines such as TNF-α, IL-1,
and IL-6 continuously over the 6- or 7-day
period that they were studied before the cell
composition changed from its original mix-
ture.38,44 This culture system generated an in vitro
model for studying the proinflammatory gene
regulation in synovium and evaluating whether
it was indeed abnormal or prolonged.

Faced with a plethora of candidate cytokines,
the problem was which cytokine to study first.
The properties of TNF-α and IL-1 are consistent
with many features of RA. Because IL-1 (also
described in the 1970s as ‘catabolin’) had been
demonstrated to be involved in damage to the
joints in a variety of experimental situations,64–66

and hence presumably in RA, our colleague
Fionula Brennan studied IL-1 regulation by

TNF-α in these dissociated rheumatoid syn-
ovium cell cultures. It was found that adding
neutralizing anti-TNF-α antibodies (polyclonal
at the time)67 at the beginning of cultures abro-
gated their IL-1 production, assessed at protein
or mRNA level (Figure 11.4). This was not the
case for the IL-1 produced by osteoarthritic syn-
ovium. These data provided the first clue that
TNF-α might be of particular importance in 
the mechanism of inflammation. Subsequent
experiments revealed the widespread regulatory
effects of anti-TNF-α antibody in synovial 
cultures, e.g. down-regulating other proinflam-
matory cytokines, such as IL-6, GM-CSF, and 
IL-8.68–70

The simplest interpretation for the wide-
spread effects of anti-TNF on multiple cytokines
is that TNF-α is at the apex of a proinflammatory
‘cascade’. This concept is illustrated in Figure 11.5.
The results raised the possibility that blocking
TNF-α, just one of the multitude of proinflam-
matory cytokines, might, by its downstream
effect on other cytokines, have a major influence
on the complex disease process. Hence these
results suggested that blocking TNF-α might be
therapeutically useful, and this idea was subse-
quently tested.

It is important to stress that this work
involved the use of mixed unpurified synovial
cultures, and not cultured rheumatoid synovial
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Figure 11.3 Cytokine disequilibrium. Both pro- and anti-inflammatory cytokines are up-regulated in rheumatoid synovium but the

balance is in favor of proinflammatory cytokines promoting inflammation. (Reproduced with permission from Feldmann M,

Brennan FM, Maini RN. Cell 1996; 85(3): 307–10.)
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fibroblasts. Most studies prior to this time had
focused on rheumatoid synovial fibroblasts, but
we felt that these cells, undoubtedly important,
were not representative of the complexity in the
cell mixture synovium, and did not reflect the

important contribution of blood-borne cells
capable of driving inflammation and immunity.

STUDIES IN ANIMAL MODELS CONFIRM THAT
TNF-a IS A GOOD THERAPEUTIC TARGET IN
ARTHRITIS

A number of studies in animal models have
yielded consistent data indicating that TNF-α is
intimately involved in the generation of arthritis.
The properties of TNF-α are consistent with this
concept.71,72 One set of important studies has
come from George Kollias’ laboratory.73 Beutler
and Cerami71 had reported that the 3’ untrans-
lated region of TNF-α was rich in A and U
nucleotides. This AU-rich motif, AUUUA, was
found in a great number of cytokines and proto-
oncogenes. Shaw and Kamen74 demonstrated
that this motif reduced the half-life of mRNA,
and it was shown that it was involved in
macrophage expression. Kollias’ group made
transgenic mice that expressed a human TNF-α
gene lacking the 3’ untranslated region of TNF,
replacing it with a β globin 3’ untranslated
region. This led to many lines of mice with dys-
regulated and up-regulated TNF-α production,
and the transgenic mice were all found to
develop an erosive arthritis, with some lines also
having inflammatory bowel disease and skin
inflammation.75 This rather local inflammation
was a different phenotype from the diffuse
inflammation of the TGF-β1 knockouts.76 It is
still not clear why the joints in these mice are the
major site of inflammation, despite many years
of subsequent studies.

A different but complementary set of studies
came from neutralizing TNF-α after disease
onset in mice with a disease resembling RA.
Injection of collagen type II into genetically sus-
ceptible mouse strains such as DBA/1 yielded
an erosive arthritis with histological features
resembling human RA.77 Anti-TNF-α antibody
injected at adequate doses (but not at low dose)
after disease onset was found to ameliorate dis-
ease activity. The degree of footpad swelling, 
a measure of inflammation, the clinical score
(production of degree of inflammation by
number of affected paws), as well as the histol-
ogy, all assessments of disease, were improved.
Histologically there was less leukocyte infiltration
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Figure 11.5 Cytokine cascade in RA. Pro- and anti-inflamma-

tory cytokines interact in a ‘network’ or ‘cascade’. (Adapted

with permission from Feldmann M, Brennan FM, Maini RN.

Cell 1996; 85(3): 307–10.)

Immune 
system TNF-α IL-1

Anti-inflammatory

IL-10, IL-1ra, sTNF-R

IL-6, IL-8, GM-CSF, etc.

Proinflammatory

TIMP-1, TIMP-2

MMP-1, MMP-3

Figure 11.4 IL-1 synthesis is down-regulated in cultures of

synovial tissue from patients with RA but not osteoarthritis.

(Reproduced with permission from Brennan FM et al. Lancet

1989; 2: 244–7.)
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of the joints, less damage to cartilage, and less
erosion of bone (Figure 11.6).

Similar studies in this model were reported
within a few months of each other by the late
Jeanette Thorbecke’s group,78 Richard Williams
of our group,79 and Pierre Piguet’s group.80

These animal studies were an important part of
establishing the rationale for testing anti-TNF-α
in human RA.

Proinflammatory cytokines, especially TNF-α,
are very rapidly produced after stimulation, for
example, by the ubiquitous LPS. Hence it was of
importance to verify that the studies performed
with human synovial tissue in vitro reflected the
situation in vivo. A key experiment was to freeze
biopsy tissue from joints within minutes of its
extraction. In these few minutes TNF-α synthe-
sis could not take place, and hence TNF-α
expression in vivo could be inferred from these
studies with fresh frozen tissue. A representative
analysis is shown in Figure 11.7. These studies
showed that TNF was expressed before removal

from the body,45 as were TNF receptors.81 These
studies provided a rationale for anti-TNF-α ther-
apy in RA (Table 11.2). With hindsight it is evi-
dent that the actions of TNF-α mimic many
processes occurring in RA (Figure 11.8).

WHAT CONTROLS UP-REGULATED TNF-a
PRODUCTION IN RA PATIENTS?

An understanding of the control of TNF-α pro-
duction at sites of inflammation is a very inter-
esting question, with considerable impact on
therapeutic strategies for the future. This ques-
tion can be studied at multiple levels. At the cel-
lular level there is agreement that it is
macrophages that make most of the TNF-α in
rheumatoid synovium. But what drives them to
do it? This has been studied in cellular terms and
it has been reported that an atypical subset of 
T cells, which behave like T cells activated not by
antigen but by cytokines, were important in
inducing TNF-α in cell–cell contact mechanisms.82
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Figure 11.6 Animal model of collagen-induced arthritis. The graph shows the effects of different doses of anti-TNF on clinical

progression of established arthritis. Arrows indicate time of injections of anti-TNF. Paw width was measured using callipers and

increase in thickness expressed as a percentage compared with baseline. Histology: paraffin sections of paws were stained

with hematoxylin. Bottom, normal joint; middle, severe arthritis; top, mouse treated with anti-TNF. (Reproduced with permission

from Williams RO, Feldmann M, Maini RN. Proc Natl Acad Sci U S A 1992; 89: 9784–8.)
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Figure 11.7 TNF-α (left panels) and p55 TNFR (right panels) colocalization was demonstrated by immunohistology in synovial

lining layer (a, b) and at the cartilage–pannus junction (c, d). (Adapted with permission from Chu et al. Arthritis Rheum 1989;

34: 1125–32 and Delewan et al. Arthritis Rheum 1992; 35: 1170–8.)
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Table 11.2 Rationale for anti-TNF-a therapy in
rheumatoid arthritis

1. Dysregulated cytokine network in RA synovium is
dependent on TNF-α

2. TNF-α/TNF receptor up-regulated in synovium
3. Animal model of RA responds very well to anti-TNF-α

administered after disease onset Figure 11.8 TNF-α actions relevant to the pathogenesis of

rheumatoid arthritis.
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In molecular terms, a number of studies have
suggested that IL-1583 and IL-1884 might be
‘upstream’ of TNF-α. It has also been proposed
that IL-17 produced by T cells and expressed in
RA joints may play an important role in the reg-
ulation of synthesis of TNF-α and IL-1, and in
potentiating their activation on multiple path-
ways implicated in inflammation and bone
destruction.85–87 These studies are promising, but
are by no means conclusive, as they are difficult
to perform in synovial tissue. Nevertheless,
these molecules might be therapeutic targets.

In terms of intracellular mechanisms, a
number of pathways have been reported to reg-
ulate TNF-α production. The best studied is the
p38 MAP kinase,88 others include the other MAP
kinases p42/44 ERK89 and JNK90 stress-activated
kinase. Other interesting pathways include 
the NF-κB pathway91,92 and the phosphotidyl
inositol 3 kinase pathway.92 However, in all
these cases, these pathways control many bio-
logical processes, and so there may be costs in
terms of safety in their excessive blockade.

BIOLOGICAL ROLE OF TNF: LESSONS LEARNED
FROM TNF BLOCKADE IN THE CLINIC

Cytokine regulation

The rapid reduction in C-reactive protein and
IL-6 concentrations in blood following TNF
blockade in RA following infliximab was the
first signal that gave plausibility to the key role
that TNF played in the regulation of cytokines 
in RA.93 Comparison of a high and low dose of
TNF blocking agent and placebo injections94 con-
clusively demonstrated that this biological effect
was dose-related, superimposed on a diurnal
variation of elevated IL-6 concentrations and
associated with trapping of neutralized TNF by
the monoclonal antibody in the circulation.60

Serum levels of other cytokines which have been
reported to decrease in serum include: IL-18, TNF,95

IL-13,96 possibly IL-7,97 and a selective diminution
of IL-15, but not of serum IL-16, IL-17, and GM-CSF
measured at 14 and 30 weeks.98 However, in
arthroscopically obtained synovial biopsies the
immunohistochemical measurement of IL-15
varied above or below baseline biopsy values

without any correlation with clinical efficacy or
simultaneous expression of TNF.99

The proposed role of TNF in regulating IL-1
predicted by preclinical experiments has been
more difficult to substantiate because of low circu-
lating levels,67,60 but was shown by using a sensi-
tive immunoassay on sequential blood samples on
a subpopulation of patients in the same clinical
trial.100 IL-1ra and solTNF-R concentrations, the
endogenously produced inhibitors of IL-1 and TNF,
which are up-regulated in RA were shown to be
also reduced following infliximab in this study.60

As suggested earlier, this may partly explain why
anti-TNF therapy rarely induces drug-free remis-
sion of established chronic disease.

Measurement of blood levels of cytokines and
inhibitors is clearly subject to the availability of
reagents and kits and the sensitivity, specificity,
and accuracy of the assays are not always well
established. In many instances blood levels are
lower than that found in the joint and although
more accessible for serial sampling than serial
joint biopsies, the expression of cytokines in the
diseased joints is arguably more important in
evaluating their role in disease. These factors
limit our current knowledge on the precise
molecular relationships and interactions between
pro- and anti-inflammatory pathways in the
rheumatoid joint. However, the impact of TNF
blockade on the cytokine network remains an
important field of study in the quest for new
cytokine therapeutic targets that will comple-
ment anti-TNF therapy in the future.

Inflammation, cell recruitment, and 
blood vessels

The reduction of joint swelling and tenderness
that is a feature of TNF blockade is mirrored by
a reduction in the cellularity of the synovial
membrane.101 The probability that this is a result
of reduced angiogenesis, cell recruitment, and
deactivation of an adhesive inflamed vascula-
ture with active cell trafficking into the synovial
tissue is supported by a number of observations.
Whilst lymphocytes in the joints are depleted
following infliximab therapy, circulating lym-
phocyte counts increase simultaneously with a
decrease in blood levels of markers of turnover
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of adhesion molecules soluble E-selectin and 
soluble ICAM-1.102 In addition there is a reduc-
tion in the blood levels of the major angiogenic
factor VEGF.41 Serial biopsies of synovial tissue
before and after anti-TNF therapy show reduc-
tion of adhesion molecules E-selectin (specific
for the endothelium), ICAM-1, and VCAM-1,101

as well as a number of chemokines, notably 
IL-8 and MCP-1.103 Gamma-camera imaging of
111indium-labelled polymorphonuclear cells 
re-injected into RA patients with active disease
and subsequently repeated at 2 weeks following
a single infusion of infliximab clearly demon-
strate ~50% reduction in the uptake of radioac-
tivity in the knee and hand joints.103 Other
imaging techniques such as gadolinium-enhanced
magnetic resonance imaging (MRI) and colour
Doppler ultrasonic examination reveal dimin-
ished vascularity and inflammation.104,105 These
data strongly support the hypothesis that
reduced cell recruitment and vascularity are
major contributors to the anti-inflammatory
action of TNF blockade.

The further possibility that cellularity may be
reduced due to anti-TNF-induced apoptosis in
RA has been proposed by Klareskog’s group.106

In their study, two markers of apoptosis, TUNEL
and caspase-3 staining, in synovial macrophages
was found to be induced after infliximab and
etanercept treatment for 8 weeks. However, the
proposed role of cell death induced by TNF
blockade is debated and could not be docu-
mented by Tak and colleagues in synovial biop-
sies from RA patients repeatedly taken at
baseline, 48 hours and 28 days after infliximab.107

Endothelial function has been investigated
before and after anti-TNF therapy in RA. In the
first of these from Steffan Gay’s group, flow-
mediated vasodilation was improved after 
12 weeks as measured by high-resolution ultra-
sound examination of the brachial artery.108

Using brachial ultrasonography another group
reported vasodilatory responses improved for
the first 4 weeks following every infusion every
8 weeks through a full year of observations.109

Increased stiffness of the aorta attributed to
chronic inflammation in RA patients compared
with controls has been demonstrated; in a small
subset of RA patients from this study, aortic
stiffness measured by aortic pulse-wave velocity

was reduced significantly from baseline at 4 and
8 weeks after anti-TNF therapy.110 These data
suggest that anti-TNF therapy may prove to be of
benefit in ameliorating inflammation-related ath-
erosclerosis and endothelial dysfunction that con-
tribute to an increase in cardiovascular risk in RA.
This hypothesis is currently being examined in
long-term follow-up of cohorts of treated patients.

Bone and cartilage protection

The protective effect of all three currently
licensed anti-TNF biologics on progression of
structural damage of joints has been docu-
mented in clinical trials, especially when used in
combination with methotrexate.111–113 The pre-
cise mechanisms that are responsible for the pro-
tective effect are not clearly defined, but it seems
likely that several pathways and cellular effects
are implicated.114 These range from a reduction
in the production of metalloproteinases by syn-
oviocytes, reduction in recruitment of monocyte
precursors, and a reduction in the production of
key molecules such as M-CSF, IL-1, and RANK-
ligand that are involved in the differentiation
and destructive potential of osteoclasts. Reversal
by anti-TNF therapy of suppression of the ana-
bolic activity of osteoblasts and chondrocytes
which compromises bone and cartilage matrix
repair further contributes to restoring the imbal-
ance between damage and repair. Observations
supporting these concepts in studies in RA
include demonstration of reduction by anti-TNF
agents of matrix metalloproteinases,115 increase
in osteoprotegerin, the decoy receptor which
binds to RANK-ligand and reduces osteoclasto-
genesis, and normalization of the stoichiometry
of osteoprotegerin and RANK-ligand in favor of
homeostasis following TNF blockade.116, 117

Improvement in radiographic progression of
structural damage in a proportion of patients in
anti-TNF therapy111–113 raises the intriguing pos-
sibility of reversal of structural damage in a pro-
portion of patients due to healing. Indeed repair
of joints following TNF blockade has been
demonstrated in the TNF transgenic mouse
model of RA,118 but as yet it has not been possi-
ble to document this conclusively by imaging of
joints or pathological examination of tissues in
anti-TNF-treated patients.
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Anti-TNF therapy restores impaired 
T-cell function

Suppressed effector T-cell function reflected by
impaired skin delayed hypersensitivity reaction
and in vitro responses to recall antigens and
mitogens has long been recognized as a feature
of severe RA. The mechanisms that underlie the
abnormality are currently being explored and
there is evidence that TNF may, at least in 
part, explain these defects. Prolonged exposure
to TNF of T-cell hybridoma clones leads to
hyporesponsiveness to T-cell receptor signaling
associated with down-regulation of TCR-ζ
chain expression and impairment of distal 
signaling pathways.119–121 Down-regulation of
CD28 expression on exposure to TNF122 is also
described and will lead to impairment of the
second signal required for T-cell activation. More
recent work has focused on regulatory T cells
that modulate effector T-cells function, induce
tolerance, and prevent autoimmunity. The pres-
ence of regulatory CD4+ T cells (Tregs) with the
characteristic phenotype (CD4+CD25hiFox P3+)
has been demonstrated in peripheral blood and
joints of RA patients.123,124 However unlike
normal Tregs the ability of RA Tregs to suppress
proliferative response of and cytokine secretion
by effector T cells (CD4+CD25−Fox P3−) has been
found to be impaired.125,126 Since exposure of
human Tregs from healthy donors to TNF 
in vitro induces a similar impaired functional
defect,126 it has been hypothesized that the
observed Treg abnormality in RA is dependent
on a TNF-rich milieu.

It is therefore of great interest that the expected
biological effects of TNF on T cells are reversed by
TNF blockade. Thus anti-TNF therapy has been
found to restore effector T-cell responses to anti-
gens such as tuberculin PPD and collagen II127, 128

restore expression of CD28,129 and to reverse the
impaired functional capacity of Tregs to suppress
proliferation and cytokine secretion by
CD4+CD25-effector T cells.125,126

These data overall suggest that aside from its
direct proinflammatory action, TNF plays an
important role in maintaining chronic autoim-
mune inflammatory disease. Although anti-TNF
appears to restore Treg function, the relatively
rare induction of long-lasting remission in 

established RA, in the absence of continuation of
anti-TNF therapy, suggests that other homeostatic
mechanisms remain resistant to the therapeutic
intervention. The preliminary findings that 
anti-TNF-induced remission is more frequently
observed in early RA and maintained without
anti-TNF130,131 points to a potentially reversible
mechanism providing a biological explanation
for the hypothetical therapeutic ‘window of
opportunity’ in early disease.
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INTRODUCTION

Rheumatoid arthritis (RA) is a common autoim-
mune disease characterized by persistent syn-
ovitis with synovial cell proliferation and
emergence of rheumatoid factors. The disease is
often refractory to conventional therapy using
various disease-modifying anti-rheumatic drugs
(DMARDs) including methotrexate and low-
dose corticosteroids. If the synovial inflamma-
tion continues, inflammatory cytokines are
constitutively produced at the synovium that
induce proliferation of vascular endothelial cells
and synovial cells and activation of osteoclasts,
as well as production of proteases. These
processes result in destruction of cartilage and
bone in the affected joints, leading to permanent
disability.

Introduction of tumor necrosis factor (TNF)
inhibitors into the clinic has revolutionized the
treatment of RA not only by their much greater
efficacy against the signs and symptoms of RA
than conventional DMARDs but also by their
capability to prevent joint destruction. The ther-
apeutic goal for RA is now shifting from the con-
trol of symptoms to induction of remission.
However, about 30–40 % of the patients with RA
do not respond clinically to TNF inhibitors. Even
among responders, the majority experience 
only partial improvement in disease activity.1

Furthermore, anti-TNF treatment often causes
emergence of serious infections including tuber-
culosis.2 Therefore, more effective and safe
drugs are still urgently needed. Interleukin-6
(IL-6) is one of the target cytokines whose func-
tions need to be blocked if such treatment is to
succeed.

In the last edition we described the potential
of anti-IL-6 therapy for immune inflammatory
diseases including RA, utilizing a humanized
anti-IL-6 receptor (IL-6R) antibody, tocilizumab
(previously known as MRA or myeloma receptor
antibody). In this chapter, we give an update on
the development of anti-IL-6 therapy.

PATHOLOGICAL SIGNIFICANCE OF IL-6 IN
IMMUNOLOGICAL DISORDERS

Multiple biological activities of IL-6 explain well
the signs and symptoms of RA, and a series of
experiments using animal models of arthritis
have provided us with evidence that blocking
IL-6 may be effective in the treatment of RA, as
we previously described.3 Briefly, IL-6 is
involved in proliferation and differentiation of
immunocompetent cells and osteoclast differen-
tiation. IL-6 causes signs and symptoms of RA
such as leukocytosis and fever, as well as abnor-
mal laboratory findings such as hypergamma-
globulinemia, increase in rheumatoid factors,
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thrombocytosis, increase in serum acute phase
proteins such as C-reactive protein (CRP), fib-
rinogen, α1-antitrypsin, and serum amyloid A
(SAA), as well as decrease in serum albumin. 
IL-6-deficient (IL-6−/−) mice are resistant to 
collagen-induced arthritis (CIA)4,5 as well as
antigen-induced arthritis (AIA).6 IL-6 blockade
with rat anti-mouse IL-6R monoclonal antibody
inhibited the development of CIA in DBA/1J mice.7

In addition, tocilizumab treatment decreased the
incidence and the severity of CIA in cynomolgus
monkeys,8 whose IL-6R is recognized by
tocilizumab.

The multiple biological actions of IL-6 are
mediated by a unique receptor system which
consists of two functional proteins: an 80 kDa
ligand-binding chain (IL-6R, CD126) and a 130
kDa non-ligand-binding but signal-transducing
chain (gp130, CD130) (Figure 12.1).9 The soluble
form of IL-6R (sIL-6R), lacking the intracytoplas-
mic portion of IL-6R, is found in serum and body
fluids, including synovial fluid, and is also capa-
ble of signal transduction as a ligand-binding
receptor. When IL-6 binds to the cell surface IL-6R

or the sIL-6R, the complex induces the homod-
imerization of gp130 and forms a high-affinity
functional receptor complex of IL-6, IL-6R, and
gp130. Note that the IL-6 signal can be trans-
duced into cells as long as they express gp130.
This process of signaling mediated by sIL-6R is
called trans-signaling and plays a pathologically
important role in RA and other rheumatic 
diseases because the target cells in the affected
joints such as synovial fibroblasts, vascular
endothelial cells, and osteoclasts express little
IL-6R on their cell surface.10 Tocilizumab recog-
nizes both membrane-binding and soluble IL-6R
and inhibits signal transduction of IL-6.

In the pathology of RA, there have been two
important advances related to IL-6 biology since
the last edition. One is on angiogenesis and the
other is on iron metabolism.

IL-6 and vascular endothelial growth factor

Hyperplasia of synovial tissues in RA patients
requires an increase in angiogenesis, which 
is necessary to oxygenate the growing tissue, 
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Figure 12.1 Schematic model of the IL-6 receptor system. The IL-6 receptor (IL-6R) system consists of two functional proteins:

a ligand-binding IL-6R and a 130 kDa non-ligand-binding but signal-transducing gp130. The soluble form of IL-6R (sIL-6R) is found

in serum and body fluids and is also capable of mediating signaling into cells. IL-6 binds to cell surface IL-6R or sIL-6R, the com-

plex induces the homodimerization of gp130 and mediates signaling into cells (left side). Tocilizumab blocks the binding of IL-6

to both cell surface IL-6R and sIL-6R (right side).
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as in a tumor. Vascular endothelial growth
factor (VEGF), a potent angiogenic factor, is
responsible not only for angiogenesis11,12 but
also for the induction of vascular permeability
and inflammation.11,13 Patients with RA show
higher VEGF levels in serum and synovial fluids
than those with osteoarthritis (OA) or other
arthritides.12 Serum VEGF levels correlate with
disease activity and radiologic progression in
patients with RA.14 VEGF is mainly produced by
the synovial cells in the affected joints but the
regulation of VEGF production has not been
fully understood.

When IL-6 and sIL-6R were added to cultured
synovial cells, they increased VEGF production
but the effect was not remarkable. However, IL-6,
synergistically with IL-1β or TNF, augmented
VEGF production from synovial cells, while
there was no synergistic effect between IL-1β
and TNF (Figure 12.2A).15 Therefore, IL-6 is a
pivotal cytokine that induces VEGF production
synergistically with IL-1β or TNF, and blockade
of IL-6 action inhibits VEGF production more
effectively than inhibitors of IL-1 and TNF.15

Indeed, serum VEGF levels were normalized by
tocilizumab treatment (Figure 12.2B).
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Figure 12.2 Regulation of vascular endothelial growth factor (VEGF) production by inflammatory cytokines. (A) IL-6, in the pres-

ence of sIL-6R, augmented the production of VEGF synergistically with IL-1 or TNF. RA synovial fibroblasts were cultured for 72 hours

with IL-6/sIL-6R (100 ng/ml), IL-1β (5 ng/ml), and/or TNF (10 ng/ml). VEGF levels in the supernatants were determined by enzyme-

linked immunosorbent assay (ELISA). Data from Nakahara et al.15 (B) Tocilizumab therapy normalized serum VEGF levels in patients

with rheumatoid arthritis (RA). VEGF levels were assayed by ELISA. Serum VEGF levels are significantly higher in RA patients than

those of healthy controls. The serum VEGF levels were normalized with tocilizumab treatment. Data from Nakahara et al.15
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IL-6 and hepcidin on anemia of chronic
inflammation

The other advance is related to anemia of
chronic inflammation, which considerably influ-
ences the quality of life of RA patients. Hepcidin
is an iron regulatory peptide hormone which
controls extracellular iron concentrations by
binding to and inducing the degradation of the
cellular iron exporter, ferroportin.16 Hepcidin
suppresses iron absorption from duodenal ente-
rocytes and recycling of iron from senescent ery-
throcytes by macrophages while inducing iron
storage in hepatocytes. Hepcidin is synthesized
by hepatocytes under regulation by iron concen-
trations, hypoxia, anemia, and inflammatory
cytokines. Among the cytokines, IL-6 is a potent
inducer of hepcidin and excessive hepcidin 

production stimulated by IL-6 is responsible for
anemia of chronic inflammation.17,18 IL-1 is also
capable of inducing hepcidin production19 but
TNF is not. Therefore, IL-6 blockade may pro-
vide a clinical benefit in the treatment of anemia
of chronic inflammation when compared with
TNF inhibitors.

IL-6 and anemia in collagen-induced arthritis

Involvement of IL-6 in the anemia of chronic
inflammation has been investigated in the
animal models in collaboration with Shin
Nippon Biomedical Laboratories, Ltd. We have
demonstrated a negative correlation between
serum CRP levels and erythrocyte counts in
cynomolgus monkeys with CIA (Figure 12.3A).
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Figure 12.3 Anemia in cynomolgus monkeys with collagen-induced arthritis (CIA). (A) Negative correlation between CRP levels

and erythrocyte counts in cynomolgus monkeys with CIA. (B) Erythrocyte counts correlate negatively with serum IL-6 levels but

not with serum TNF levels. IL-6 vs erythrocyte counts (left side); TNF vs erythrocyte counts (right side).
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Furthermore, serum IL-6 levels have been
shown to correlate negatively with erythrocyte
counts (Figure 12.3B), while there was no corre-
lation between serum TNF levels and erythro-
cyte counts. This finding supports the previous
report that IL-6 but not TNF induces hepcidin.
IL-6 may be responsible for the anemia associated
with CIA.

We need to know if serum hepcidin levels are
decreased by IL-6 blockade in order to confirm
that hepcidin is indeed responsible for the
anemia of patients with immune inflammatory
diseases including RA.

IL-6 and new animal models of arthritis

SKG mice spontaneously develop T-cell-mediated
chronic autoimmune arthritis with a high
rheumatoid factor titer. The joints affected in this
mouse model are similar to those of human RA
and the incidence is also higher in female than
male mice. This evidence suggests that these
mice may offer a new model of human RA.20

Genetic introduction of IL-6 deficiency into SKG
mice completely suppresses the development of
arthritis, although either IL-1 or TNF deficiency
only retards the onset of arthritis and partially
reduces its incidence and severity.21 Therefore,
IL-6 is the most important factor in the arthritis
of this model.

Mice with a point mutation of Tyr-759 in
gp130 of IL-6R system subunit, a binding site of
the src homology 2 domain-bearing protein tyro-
sine phosphatase (SHP)-2, have been shown to
develop autoimmune arthritis through insuffi-
cient clonal selection of T cells in the thymus and
increase in autoreactive antibodies.22 The evi-
dence shows that excess signaling through gp130
may result in the development of arthritis.

Both of these experiments again confirm the
involvement of IL-6 in the development of arthritis.

CLINICAL STUDIES OF TOCILIZUMAB IN RA

Phase I/II trials with tocilizumab in patients
with RA

Phase I/II trials of tocilizumab have been con-
ducted both in the UK and in Japan. In the UK
study, a single administration, randomized,
double-blind, placebo-controlled, dose-escalation

trial was conducted in 45 patients with active RA.23

In the Japanese study, an open-label, multi-dose
trial was conducted in 15 RA patients.24

Pharmacokinetics were investigated, espe-
cially in the Japanese phase I/II trial.24

Tocilizumab 2, 4, or 8 mg/kg body weight was
administered to patients with active RA every 
2 weeks for 6 weeks. The serum tocilizumab con-
centration decreased in a non-linear manner over
time within the dose range 2–8 mg/kg. The half-
life (t1/2) of tocilizumab in serum increased with
repeated doses and as the dose level increased.
The t1/2 after the third dose of 8 mg/kg reached
241.8 ± 71.4 hours, which resembles the t1/2 of
human IgG. The mean area under the serum con-
centration/time curve (AUC) increased as the
dose increased and the value (mean ± SD) was
10.66 ± 4.07 mg*hour/ml in the 8 mg/kg groups.

Serum CRP and SAA levels were completely
normalized as long as tocilizumab was
detectable in the serum, indicating that IL-6 is
essential for the production of CRP and SAA 
in vivo. These acute phase protein levels could be
used as surrogate markers to indicate that the
tocilizumab concentration is adequate to block
IL-6 activity.24

In the UK, 45 patients with active RA were
sequentially allocated to receive a single intra-
venous dose of either 0.1, 1, 5 or 10 mg/kg of
tocilizumab or placebo.23 Two weeks after 
the treatment, a significant treatment difference
was observed between 5 mg/kg tocilizumab 
and placebo, with five patients (55.6%) in the
tocilizumab cohort and none in the placebo cohort
achieving American College of Rheumatology
(ACR) 20 response criteria (improvement of 20%
or more in disease activity). In the Japanese study,
repeated treatment with tocilizumab at intra-
venous doses up to 8 mg/kg biweekly adminis-
tration was well tolerated and no serious adverse
events were observed.24 After 6 weeks of treat-
ment, 60% of patients achieved ACR20 and after
24 weeks, 86%. These results encouraged us to
move into phase II trials with tocilizumab in RA
patients.

Phase II trials with tocilizumab in 
patients with RA

The safety and efficacy of tocilizumab treatment
was evaluated in multi-center, double-blind,
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randomized, placebo-controlled phase II trials in
RA patients both in Japan and Europe.25,26

In the Japanese study, 164 patients with
refractory RA were randomized to receive either
placebo, 4 or 8 mg/kg of tocilizumab intra-
venously every 4 weeks for a total of 3 months
and clinical responses were evaluated using
ACR criteria.25 Tocilizumab treatment signifi-
cantly improved all measures of disease activity
in the ACR core set and a dose-response relation-
ship was observed between the 4 and 8 mg/kg
groups (Figure 12.4). The ACR50 and ACR70
responses in the 8 mg/kg group were also 
significantly higher than those in the placebo
group. Efficacy was also evaluated using the
Disease Activity Score 28 joint count (DAS28)
categories and the incidence of ‘good or moder-
ate’ response was 91% in the 8 mg/kg group, as
compared with 72% (p = 0.012) in the 4 mg/kg
group and 19% (p < 0.001) in the placebo group.
Tocilizumab treatment also improved laboratory
findings such as hemoglobin levels, platelet
counts, serum levels of CRP, fibrinogen, SAA,
albumin, and rheumatoid factors. Tocilizumab
treatment significantly improved bone metabo-
lism, suggesting that IL-6 blockade may prevent
the osteoporosis of RA.

Concerning safety, the overall incidences of
adverse events were 56, 59, and 51% in the
placebo, 4, and 8 mg/kg groups, respectively,

and there was no dose dependency. One patient
died of reactivation of chronic active Epstein–Barr
virus (EBV) infection and consequent hemo-
phagocytosis syndrome after receiving a single
dose of 8 mg/kg tocilizumab. Retrospectively, it
was discovered that she had Hodgkin’s disease
with increased EBV DNA in plasma before
enrollment to the study but was not excluded.27

Amongst laboratory findings, an increase in
total cholesterol level was frequently reported
(44%) in the tocilizumab groups. However,
mean total cholesterol levels did not continue to
increase with repeated dosing and became stable
at about the upper limit of the normal range.
High-density lipoprotein (HDL) cholesterol levels
also increased and consequently the atherogenic
index (total cholesterol − HDL cholesterol/HDL
cholesterol) did not change throughout the
study period. No cardiovascular complications
were observed in association with the increase in
the total cholesterol. Mild to moderate increases 
in liver function tests were also observed in 14 of
109 patients (12.8%) in the tocilizumab groups.
There was no increase in antinuclear antibodies or
anti-DNA antibodies. These data indicate that
tocilizumab treatment is generally well tolerated
and shows clinical benefit.25

A phase II study has also been conducted in
Europe (CHARISMA study).26 A total of 359
patients with active RA, with an incomplete
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Figure 12.4 Clinical responses of patients with active rheumatoid arthritis (RA) to tocilizumab or placebo. RA patients were

administered either placebo or 4 or 8 mg/kg tocilizumab every 4 weeks for a total of 3 months and the clinical responses 

were evaluated using ACR criteria. Data from Nishimoto et al.25
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response to methotrexate at doses of 10 mg/week
or above for at least 6 months, were randomized
to receive tocilizumab or tocilizumab placebo
every 4 weeks for a total of 12 weeks together
with 10–25 mg/week of methotrexate or
methotrexate placebo. Patients were random-
ized to receive 2, 4, or 8 mg/kg tocilizumab
either as monotherapy, or in combination with
methotrexate, or methotrexate monotherapy.
Tocilizumab 8 mg/kg monotherapy and a com-
bination of tocilizumab 8 mg/kg and methotrex-
ate both yielded statistically significantly higher
responses than methotrexate alone, as evaluated
by DAS28 change from baseline. However, there
was no statistically significant difference
between tocilizumab 8 mg/kg monotherapy and
8 mg/kg plus methotrexate.

Phase III trials with tocilizumab 
in patients with RA

A phase III, randomized, controlled trial was
performed in Japan to investigate the ability of
tocilizumab to inhibit radiographic progression
of joint damage in patients with active RA.28 This
trial demonstrated the superiority of tocilizumab
monotherapy over conventional DMARDs in
retarding radiographic progression as well as in
reducing RA signs and symptoms.

This series of clinical studies clearly indicates
the benefit of blocking IL-6 signaling using
tocilizumab in the treatment of patients with RA.

CLINICAL STUDIES WITH TOCILIZUMAB IN
SYSTEMIC-ONSET JUVENILE IDIOPATHIC
ARTHRITIS (SOJIA)

soJIA is one of the most destructive and distressing
diseases of childhood.29 The clinical manifesta-
tions include quotidian fever, rheumatoid rash,
arthritis, pericarditis, and hepatosplenomegaly,
and the patients frequently progress to
macrophage activation syndrome. Long-term
administration of systemic corticosteroids is
often mandatory and prolonged use of corticos-
teroids leads to multiple adverse effects such as
growth suppression, spinal compression frac-
tures, cataracts, etc. Although the etiology of the
disease remains unknown, overproduction of
IL-6 has been thought to be responsible for the

systemic manifestations and abnormal laboratory
findings.30,31 Increases in serum levels of IL-6 and
sIL-6R have been reported to be closely related
with disease activity in soJIA.32,33

The safety and efficacy of tocilizumab have
been investigated in children with soJIA refrac-
tory to conventional therapy including methotrex-
ate and corticosteroids.34

A phase II study involving intra-patient dose
escalation was conducted in Japan in 11 children
with active soJIA.35 All patients received an ini-
tial dose of 2 mg/kg tocilizumab every 2 weeks.
If the CRP value was more than 1.5 mg/dl at least
5 days after the first or second administration of
tocilizumab, the dose was increased to 4 mg/kg
for the next three doses. If 4 mg/kg failed to 
stabilize CRP levels, 8 mg/kg tocilizumab was
administered every 2 weeks for a total of 3 doses.
Patients included eight boys and three girls,
mean age was 8.5 years and the mean disease
duration was 4.2 years. At enrollment, patients
were receiving corticosteroids at a mean dose of
13.7 mg. Tocilizumab was well tolerated in all
patients and quickly ameliorated signs, symptoms,
and laboratory abnormalities in all 11 patients.
Three patients responded to treatment with 
2 mg/kg tocilizumab, five patients to 4 mg/kg, and
three patients to 8 mg/kg. Tocilizumab reduced
both the frequency and severity of fever episodes
and normalized CRP and ESR in all patients.
Hemoglobin and albumin were also normalized.

The efficacy of tocilizumab was assessed
using the JIA core set of six response variables
including (1) global assessment of the severity of
disease including febrile episodes and physical
findings, (2) global assessment of overall 
well-being by the patient or parent, (3) func-
tional ability (Childhood Health Assessment
Questionnaire (C-HAQ) score), (4) number of
joints with active arthritis, (5) number of joints
with limited range of motion, and (6) ESR. Two
weeks after the third stable dose of tocilizumab,
10 of 11 (91%) had a 50% improvement (JIA50
response), and 7 of 11 (64%) achieved a 70%
improvement (JIA70 response) in core set criteria
at the last observation. No patients withdrew
during the study period and there were no serious
adverse events.

The long-term safety and efficacy of
tocilizumab were also assessed over 3 years in
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the same patients.36 In this extension trial, 10 of
11 patients achieved a 70% improvement in JIA
core set criteria. Moreover, doses of corticos-
teroids were successfully tapered without dis-
ease flares. Surprisingly, the most serious
complication of soJIA, growth impairment, was
improved during the course of the long-term
study. Together with growth recovery, bone
mineral density improved during treatment.

Woo et al. reported the results of an open-
label trial with single infusions of tocilizumab at
three dose levels (2, 4, 8 mg/kg) in Caucasian
children with severe soJIA.37 No dose-limiting
toxicity was observed. Eleven of 18 patients
achieved a 30% improvement and eight achieved
a 50% improvement in JIA core set variables.
Clinical improvement in these children was sus-
tained for up to 8 weeks after the single dose of
tocilizumab.

The results of both Japanese and European
studies indicate that tocilizumab therapy is well
tolerated and provides clinical benefit in
patients with soJIA.

CLINICAL STUDIES WITH TOCILIZUMAB IN
CASTLEMAN’S DISEASE

Castleman’s disease is a benign lymphoprolifer-
ative disease characterized by chronic inflam-
matory manifestations and immunological
disorders related to overproduction of IL-6.38–41

A multicenter prospective study was under-
taken to evaluate the safety and efficacy of
tocilizumab in patients with multicentric
Castleman’s disease in Japan.42 In this study, 
8 mg/kg of tocilizumab was administered
biweekly for 16 weeks. Adjustments in dose and
treatment interval were allowed for each patient
in an extension phase after 16 weeks. Tocilizumab
consistently improved lymphadenopathy and all
the inflammatory parameters within 16 weeks.
Hemoglobin, albumin, total cholesterol, HDL
cholesterol and body mass index (BMI) all
increased significantly and chronic inflamma-
tory symptoms were successfully managed over
60 weeks.42 Tocilizumab treatment was well toler-
ated and significantly improved chronic inflam-
matory symptoms and wasting in these patients.
Tocilizumab was approved as an orphan drug for
Castleman’s disease in Japan in 2005.

CONCLUSION

There has been considerable progress in the clin-
ical study of tocilizumab in immune inflamma-
tory diseases. Clinical trials are now being
conducted worldwide. However, the mecha-
nism by which IL-6 blockade exerts its therapeu-
tic effect is still not fully understood. In order
fully to establish anti-IL-6 therapy, we need to
elucidate the mechanism of action. The outcome
of long-term treatment is also very important in
assessing the therapeutic value of a new drug,
especially in the case of a therapeutic agent for
chronic inflammatory diseases such as RA.

The efficacy of tocilizumab has been demon-
strated in the treatment of inflammatory dis-
eases including soJIA and Castleman’s disease,
as well as RA. Further studies are required to
fully establish the safest and most effective
ways to use anti-IL-6 therapy in these refractory
diseases.
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INTRODUCTION

Interleukin-13 (IL-13) is a type I cytokine that
has emerged as a critical regulator of inflamma-
tory immune responses.1 It has been well charac-
terized as a Th2 cytokine, and data from both
human studies and animal models implicate 
IL-13 as a key mediator in the pathogenesis of
asthma and in protective immune responses to
parasite infection. Additional studies suggest
that IL-13 may also have roles in other autoim-
mune and inflammatory conditions. In this
chapter, we explore the biology of IL-13, and
highlight data that suggest a role for IL-13 in
rheumatic diseases and other autoimmune and
chronic inflammatory diseases.

IL-13 AND IL-13 RECEPTORS

IL-13 was first identified in 1993 from a subtrac-
tive library screen of activated human T cells, in
a search for new members of the cytokine
family.2 The gene for IL-13 is located within a
150 kb cytokine gene cluster on human chromo-
some 5q31. This region also contains the IL-5
gene, located 114 kb centromeric to the IL-13
gene, and the IL-4 gene located 12.6 kb telomeric
to the IL-13 gene. Genes encoding granulocyte/

macrophage colony-stimulating factor (GM-CSF)
and IL-3 are also located centromeric to IL-5 in
the same region (Genbank NT_034772). The IL-4
and IL-13 genes are transcribed from the same
strand on chromosome 5q31, and the genes
encoding IL-5, IL-13, and IL-4 are transcribed in
cells responding to shared stimuli.3 IL-13 is pref-
erentially expressed by activated Th2 cells,
together with the Th2 cytokines IL-4 and IL-5.4

In addition to T cells, IL-13 is produced by acti-
vated natural killer (NK) T cells, mast cells, and
basophils,5–7 cells which are also implicated in
Th2-mediated immune responses.

IL-13 is a 15 kd monomeric four helix bundle
cytokine that shares 30% amino acid identitfy
with IL-4, its closest homolog.2,8,9 Both IL-4 and
IL-13 mediate their activity by binding to a
shared receptor comprising the IL-4Rα chain
and the IL-13Rα1 chain.10 This receptor complex
is expressed on B cells, monocytes, epithelial
cells, endothelial cells, fibroblasts, and smooth
muscle cells, which are direct cellular targets for
IL-13.1,11 IL-13 binds the IL-13Rα1 chain with a
moderate affinity (Kd approx 40 nM),12 but 
has no detectable affinity for the IL-4Rα chain. 
A higher affinity is detected for IL-13 binding to
the IL-13Rα1/IL-4R complex, with a Kd of 500
pM.12 The NMR structures indicate that IL-4 and
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IL-13 share significant structural homology, and
both cytokines interact with the shared IL-4R
chain in a similar orientation.13,14 A second IL-13
receptor, IL-13Rα2, has high affinity for IL-13,
with a Kd of 2.5 nM, but as evidence of down-
stream signaling has been lacking, it has been
characterized as a ‘decoy’, binding to IL-13 and
sequestering it from IL-13Rα1.15–17 Recent evi-
dence, however, suggests that IL-13Rα2 may be
involved in mediating the profibrotic activity of
IL-13.18 A unique receptor complex exists for 
IL-4 and comprises the IL-4Rα chain and the
gamma common cytokine receptor. This IL-4Rγc
receptor complex binds only to IL-4, and cells
bearing this receptor complex, such as T cells, do
not respond to IL-13.

BIOLOGICAL ACTIVITY OF IL-13 ON 
CELL LINES IN VITRO

Heterodimerization of cell surface IL-13Rα1 and
IL-4Rα receptor chains initiates IL-13 signaling
via recruitment of Jak kinases, Jak1, Jak2, and
Tyk2, resulting in the phosphorylation of the
transcription factor, STAT6, a critical step in IL-13-
and IL-4-dependent signaling.19 Signaling path-
ways downstream of IL-13 receptor engagement
are shown in Figure 13.1. In addition to STAT6,
the IL-13Rα1/IL-4Rα complex can trigger phos-
phorylation of IRS1/2, recruitment of the adap-
tor protein Grb2, and activation of the PI3kinase
pathway.20,21 IL-13 also induces STAT1 and
STAT3 phosphorylation and activation, which
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Figure 13.1 IL-13 receptors and signaling pathways. IL-13 and IL-4 can interact with a receptor form comprising the IL-13Rα1

and IL-4Rα subunits. Tyk2 is associated with IL-13Rα1. JAK1 and JAK2 are associated with IL-4Rα. Receptor engagement

results in phosphorylation of Tyk2 or JAK1 and JAK2, which in turn phosphorylate STAT6. Phospho STAT6 migrates to the

nucleus, where it induces transcription of IL-13-responsive genes. STAT1 and STAT3 may also be involved in IL-13 signaling path-

ways. Regulation of STAT3 by serine phosphorylation may be downstream of IL-13-induced MAPK activation, and involve a novel

PKC isoform (nPKC). Receptor engagement also leads to phosphorylation of IRS1/2, recruitment of the adaptor protein Grb2,

and activation of the PI3kinase pathway. IL-4, but not IL-13, can interact with cells through the IL-4Rα/γ common receptor complex.

The IL-13Rα2 chain is thought to function primarily as a non-signaling decoy receptor, but recent evidence suggests potential acti-

vation of the AP-1 signaling pathway.18
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have been implicated in responses of B cells,
monocytes, and fibroblasts to IL-4 and IL-13
through the shared receptor.22–24 Regulation of
STAT3 by serine phosphorylation may be down-
stream of IL-13-induced mitogen-activated pro-
tein kinase (MAPK) activation, and involve a
novel protein kinase C (PKC) isoform.25 Roles
for p38, JNK, and ERK have recently been impli-
cated in IL-13-induced eotaxin production, inde-
pendent of STAT6.26–28 Finally, recent data
suggest that IL-13Rα2 may trigger activator pro-
tein (AP)-1-mediated downstream events under
appropriate conditions.18

EFFECTS OF IL-13 ON IMMUNE AND
STRUCTURAL CELLS

The IL-13Rα1–IL-4Rα complex is expressed on 
B cells, where it drives immunoglobulin produc-
tion, most notably IgE switch recombination,
and can potentiate proliferative responses.1,29

The receptor is also expressed on monocytes,
where IL-13 induces expression of activation
markers, including CD23 and major histocom-
patibility complex (MHC) class II.8 IL-13 also
stimulates arginase activity in monocytes,30

resulting in depletion of arginine, down-regulation
of inducible nitric oxide synthase (iNOS) expres-
sion, reduced NO production, and impaired
macrophage cytotoxic function.31,32 Furthermore,
IL-13 is a major activator and inducer of trans-
forming growth factor (TGF)-β production from
monocytes.33 Like IL-13, TGF-β induces collagen
production and fibrosis, and debate exists 
over whether the profibrotic activity of these
cytokines is independent,34 or whether TGF-β
mediates and amplifies the profibrotic activity 
of IL-13.18,33 In conjunction with M-CSF or 
GM-CSF, IL-13 stimulates dendritic cell (DC)
differentiation from monocytes,35,36 resulting 
in loss of IL-13Rα1 expression upon monocyte
maturation.37

Fibroblasts, epithelial cells, endothelial cells,
and smooth muscle cells also express the IL-13
receptor. In response to IL-13, fibroblasts undergo
increased adhesion marker expression,38

chemokine production,39 collagen synthesis,40,41

differentiation to myofibroblasts,42 expansion,43,44

and contractile activity.45 Epithelial cells respond

to IL-13 by producing eotaxin,46 and undergoing
differentiation to mucus-secreting cells.47

Endothelial cells up-regulate expression of vas-
cular cell adhesion molecule (VCAM),48 and 
IL-13 potentiates angiogenesis in response to
soluble VCAM.49 On smooth muscle cells, 
IL-13 induces vascular endothelial growth factor
(VEGF) release,50 arginase expression,51 hyper-
contractility,52 and generation of chemokines.53–55

IL-13 IN PARASITE IMMUNITY

IL-13 plays a critical role in defense against inter-
nal parasites. It is responsible for the STAT6-
dependent explusion of Nippostrongylus
brasiliensis and other gastrointestinal nematodes
in murine models, through induction of mucus
secretion, intestinal muscle contractility, and
other expulsion mechanisms.1,56 Although IL-4
may play a similar role, IL-13 appears to be the
critical cytokine in vivo, as mice lacking IL-13 are
susceptible to severe infection.57,58 With other
parasites, however, a Th2 response can promote
disease pathology. In appropriate mouse strains,
IL-13 confers susceptibility to the extracellular
parasite Leishmania major, or the helminth
Schistosoma mansoni, by driving the hepatic 
fibrosis that ultimately leads to mortality.59 The
profibrotic effect of IL-13 is mediated through
direct and indirect mechanisms. IL-13 can
directly induce fibroblast differentiation60 and
the release of extracellular matrix glycopro-
teins,40,41,61 but also acts indirectly by promoting
the release and activation of additional profi-
brotic agents, including TGF-β.33,62 IL-13 neutral-
ization has therapeutic benefit in these models,
associated with reduced hepatic fibrosis,
whereas IL-13 overexpression accelerates pathol-
ogy.63–65 Similarly, in humans infected with
Schistosoma, levels of fibrosis correlate strongly
with the antigen-induced release of IL-13 from
peripheral blood mononuclear cells (PBMCs).66,67

IL-13 IN ASTHMA

Extensive evidence supports a major role for 
IL-13 in driving asthma pathology. In vitro, 
IL-13 induces many cellular responses relevant
to asthma, including B cell IgE production,68
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generation of eosinophil chemoattractants,69 mat-
uration of mucus-secreting goblet cells,70 pro-
duction of extracellular matrix proteins and
myofibroblast differentiation reminiscent of
remodeling,42 and enhanced contractility of airway
smooth muscle cells in response to cholinergic
agonists.71 In animal models, administration of
exogenous IL-13,72,73 or transgenic overexpression
of IL-1374,75 triggers asthmatic changes, including
airway hyperresponsiveness, lung inflamma-
tion, and mucus secretion. Conversely, neutral-
ization of IL-13 or IL-13 deficiency effectively
reduces asthmatic changes in several animal
models of respiratory disease.73,76–78 IL-13 is a
potent profibrotic cytokine.79 IL-13 overexpres-
sion in the lung directly promotes lung fibro-
sis,74,75 resulting in changes that are not easily
reversible upon withdrawal of the cytokine.80

Nevertheless, therapeutic dosing with IL-13
neutralizing antibody has been shown to halt
further progression of fibrosis in OVA-sensitized
mice following lung challenge,81 and to partially
reduce fibrosis in a chronic antigen challenge
model of asthma,82 and in a bleomycin-induced
model of pulmonary fibrosis.83 In humans, IL-13
can be found in bronchoalveolar lavage (BAL)
fluid of asthmatics following lung allergen chal-
lenge,84–86 and has been localized to mast cells
infiltrating the airway smooth muscle layer in
bronchial biopsies from asthmatics.87 The associ-
ation of IL-13 with asthma is confirmed and
strengthened by observations that polymor-
phisms in genes encoding IL-13,88 IL-13 receptor
components,89,90 or the IL-13R-associated signal-
ing molecule STAT6,91 are all associated with
increased risk of atopic disease in human popu-
lations. In addition to asthma, a role for IL-13
has been implicated in chronic obstructive pul-
monary disease (COPD), as mice with targeted
overexpression of IL-13 in the lung are prone to
development of emphysema, mucus, and
inflammation reminiscent of this disease.92

IL-13 IN TUMOR IMMUNITY

In some mouse models, NK T cells producing 
IL-13 have been found to suppress tumor sur-
veillance mechanisms mediated by cytotoxic 
T lympocytes (CTL),5,93 such that IL-13 neutraliza-
tion reduces metastases and is associated with

therapeutic benefit.94 In other models, however,
IL-13 promotes immune surveillance against
tumors, and is associated with reduced tumori-
genicity.95 A subset of human brain cancers 
and other solid tumors express high levels of 
IL-13Rα2, and it has been proposed that these
tumors be targeted by IL-13 conjugated toxins.96,97

IL-13 is constitutively produced by Reed-
Sternberg (RS) cells in Hodgkin’s lymphoma.98

Expression of IL-13Rα1 by these cells suggests
that the cyokine may act as an autocrine growth
factor,99 and targeting IL-13 has proved to be an
effective strategy for blocking growth of RS cells
in vitro and in vivo following implantation into
NOD/SCID mice.100 Fibrosis is a common fea-
ture of Hodgkin’s lymphoma lesions, and may
be due in part to production of profibrotic agents
such as IL-13 by the RS cells.101 In support of this,
IL-13 levels are higher in Hodgkin’s disease
lesions characterized by nodular sclerosis, as
opposed to those of mixed cellularity.98

IL-13 IN RHEUMATIC DISEASE

Elevated serum levels of IL-13 have been reported
in rheumatic diseases, including RA,102–105

Sjögren’s syndrome,103 systemic lupus erythe-
matosus (SLE),103 systemic sclerosis,103 sclero-
derma,106 and psoriatic arthritis.107 These data,
together with our understanding of the biology of
IL-13, suggest that IL-13 may either be contribut-
ing to the disease process or to repair mechanisms
in a number of rheumatic diseases.

Several studies have reported the overex-
pression of IL-13 in rheumatoid synovial
fluid.104,105,108,109 A similar overexpression of IL-4
is not typically seen,105 and elevated IL-13 levels
are not seen in every study.110,111 Interestingly, in
a study examining synovial fluid aspirates taken
from patients with a disease duration of less than
3 months, elevation of synovial IL-13 was the
most robust predictor of which patients would
go on to develop RA.108 In contrast, synovial
aspirates from patients with established RA did
not exhibit elevated IL-13.108 Synovial fluid from
these early RA patients also had elevated levels
of IL-2, IL-4, epidermal growth factor (EGF),
fibroblast growth factor (βFGF) and IL-17, as
compared with synovial fluid from patients that
did not develop RA or from established RA patients.
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Thus, IL-13 may contribute to early stage RA,
but its role may change during the disease course.

Treatment of RA patients with the tumor
necrosis factor (TNF)-α antagonist, etanercept
(Enbrel®), has been shown to reduce levels of 
circulating IL-13 in a study measuring IL-13 in
serum samples obtained from 20 patients 
2–4 weeks after the initiation of treatment.104

Treatment with the TNF-α-neutralizing anti-
body, infliximab, however, had no effect on
serum IL-13 levels;112 in a different study in
which IL-13 levels were measured 4 weeks after
two infusions of infliximab and in which five of
eight patients had improved disease scores by
ACR20 criteria.112 Thus, the effect of TNF-α inhi-
bition on serum IL-13 levels requires additional
evaluation. It would be of particular interest to
examine the impact of TNF-α blockade on IL-13
levels in very early RA patients.

Although elevated IL-13 levels are found in
the rheumatoid synovium, Th2 cells, the proto-
typic producers of IL-13, are not present in large
numbers.113 Instead, synovial T cells appear to
be committed to a Th1 phenotype,114,115 raising
the possibility that mast cells are the major IL-13-
producing cell type at the site of tissue damage.
Increased mast cell numbers and mast cell 
activation have long been described in synovial
tissue, and at sites of involvement of other 
rheumatic diseases.116–118 Mast cell-derived

proinflammatory mediators, including TNF-α,
IL-1β, and prostaglandin E2 (PGE2), have been
implicated in exacerbation of tissue damage.119,120

In animal models, RA can be induced by
immune complexes, in a manner that may be
dependent on mast cells,121,122 and mast cell-
deficient mice are protected from disease.121,123

Mast cells are potent producers of IL-13 upon
activation through cross-linking of cell surface
FcεRI124,125 or FcγRI.126 The presence of activated
mast cells in the rheumatoid synovium impli-
cates them as likely contributors to IL-13 gener-
ation in RA.

ANTI-INFLAMMATORY EFFECTS OF IL-13 IN
RHEUMATOID ARTHRITIS

In the proinflammatory, Th1-skewed environ-
ment of the rheumatoid lesion, the presence of
IL-13 may represent an attempt by the immune
system to limit damage caused by the disease.
An anti-inflammatory effect of IL-13 in RA
(summarized in Figure 13.2) is supported by 
in vitro observations that IL-13 abrogates expres-
sion of the proinflammatory cytokines, IL-1β,105,127

IL-17,128 IL-6,129 and TNF-α105 by rheumatoid
synovial explants or synovial fluid macrophages.
Overexpression of IL-13 in synovial tissue
explants and synovial fibroblasts in vitro reduces
spontaneous production of the proinflammatory
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Figure 13.2 Potential anti-inflammatory effects of IL-13 in RA. IL-13, generated by T cells or activated mast cells, may reduce

RANKL production by osteoblasts, thus ameliorating bone erosion. IL-13 also acts on synovial macrophages to down-regulate

production of the proinflammatory mediators TNF-α, IL-1β, IL-6, and NO. IL-13 may also limit C′-mediated damage by down-regu-

lating expression of FcγRI on synovial macrophages and B cells.
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cytokines TNF-α and IL-1β, several chemokines,
and PGE2.130 Furthermore, IL-13 down-regulates
production of NO or hyaluronic acid (HA), indi-
cators of oxidative stress, by RA synovial cells in
response to the combination of TNF-α, IL-1β,
and interferon-γ (IFN-γ).131,132

In addition to effects on inflammation, the
presence of IL-13 in the rheumatoid synovium
may protect against bone resorption. RANK and
its ligand, RANKL, contribute to osteoclast dif-
ferentiation and bone loss in RA, in balance with
the protective decoy receptor, osteoprotegerin
(OPG).133,134 Antagonism of this system using
antibody to RANKL,135,136 or exogenously admin-
istered OPG,137 has shown therapeutic benefit in
treating human osteoporosis, and preserves
bone in animal models of RA,138,139 IL-13 has the
capacity to inhibit bone resorption,140–142 an
effect which may be mediated by reduced
expression of RANKL on osteoblasts,143,144 or
increased production of OPG.143,144

IL-4 may have a protective role against
RANKL-mediated osteoclastogenesis in mice,
through interaction with IL-4Rα, and down-
stream STAT6 activation.145 In accordance with
this, RANKL-induced osteoclast generation
from macrophages of STAT6-deficient mice was
not antagonized by IL-4,145 whereas osteoclast
generation from macrophages of mice with con-
stitutively active STAT6 was impaired in vitro
and in vivo.146 In humans, a polymorphism in the
IL-4Rα chain has been reported to be associated
with enhanced susceptibility to the development
of bone erosions in RA.147 The I50V IL-4 Ralpha
polymorphism results in reduced responses to
IL-4 in human B cells, including STAT6 phos-
phorylation, CD23 up-regulation, and IgE pro-
duction,148 and in human T cells as evidenced by
reduced STAT6 phosphorylation, GATA3 induc-
tion, and induction of IL-12Rβ2.147 The effect of
these polymorphisms on signaling by IL-13 in
human B cells or macrophages has not been
reported to date. As the IL-4Rα is required for IL-
13 responses, however, this polymorphism could
reduce STAT6 phosphorylation in response to IL-
13 as well as IL-4, potentially leading to exagger-
ated osteoclast generation and bone resorption.

IL-13 may also limit pathogenic effects of
complement activation. In the presence of TNF-α,
IL-13 down-regulates expression and function of

activating Fcγ receptors,149 and synovial FcγRI
expression was reduced in rats given intra-
articular injections of adenovirus-expressing 
IL-13.150 Rats administered IL-13 by intratracheal
instillation are protected from immune complex-
mediated lung injury151 and in vitro, IL-13 protects
porcine endothelial cells from complement-
mediated damage.152 Thus, IL-13 may exert anti-
inflammatory effects through dampening of
complement activation and complement-
mediated injury.

ANIMAL MODELS OF ARTHRITIS SUPPORT A
PROTECTIVE ROLE FOR IL-13

Overexpression of IL-13 in animal models of
arthritis has been shown to ameliorate disease.
This has been shown in both the DBA/I collagen-
induced arthritis model,153 and in mice expressing
a human TNF-α-transgene.154 Direct intra-articular
administration of adenovirus expressing rat IL-13
ameliorated disease symptoms and pathology in
a rat adjuvant-induced arthritis model (AIA).155

In a mouse model of immune complex-mediated
arthritis (ICA), inflammation in the joint was
enhanced following intra-articular injection of an
adenoviral vector encoding IL-13, but chondro-
cyte death, a correlate of cartilage destruction,
was diminished.150 The effects were thought to
be secondary to IL-13-induced down-regulation
of FcγRI expression in the synovium,150 a mecha-
nism which could limit tissue damage mediated
by immune complexes.

PRO-INFLAMMATORY EFFECTS OF IL-13 IN
RHEUMATOID ARTHRITIS

Although it has clear anti-inflammatory effects,
there is also evidence for proinflammatory activ-
ities of IL-13 in the rheumatoid synovium, sum-
marized in Figure 13.3. In the presence of IL-13
or IL-4, production of the proinflammatory
cytokines IL-12156 or TNF-α157 by anti-CD40-
stimulated synovial macrophages is enhanced,
suggesting that under certain conditions of 
activation, IL-13 may exacerbate inflammatory
responses. This is supported by evidence that IL-13
up-regulates VCAM-1 expression on rheumatoid
fibroblast-like synoviocytes, in synergy with
TNF-α.158 Expression of VCAM-1 on synovial
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fibroblasts is a hallmark of RA, and is thought to
be critical for the influx of VLA4-expressing
inflammatory cells to the joint.159 Furthermore,
IL-13 and IL-4 appear to have anti-apoptotic
effects on rheumatoid synoviocytes in vitro, sug-
gesting that these cytokines may contribute to
the synovial hyperplasia seen in RA.160

In RA, IL-6 is a key proinflammatory cytokine
that contributes to osteoclast formation, inflam-
mation, and autoantibody production.161,162

Osteoblasts express IL-13 receptor and respond
to IL-13 with increased production of IL-6.163,164

IL-13 also induces IL-6 production from human
lung fibroblasts,38 keratinocytes,165 and microglial
cells,166 but may reduce IL-6 generation from
synovial macrophages129 and other hematopoietic
cell types.167 By stimulating osteoblast production
of IL-6, IL-13 may promote inflammation, osteo-
clast development, and bone erosion in RA.

Through its induction of antibody produc-
tion, elevated IL-13 may be associated with high
levels of rheumatoid factor or autoantibodies 
in RA and other rheumatic diseases.103,106,168

Compounding this are potential effects of IL-13
on expression of Fc receptors or complement
receptors. IL-13 induces expression of CR1 and

CR3 on neutrophils, enhancing their production
of the inflammatory mediator, PGE2, following
phagocytosis.169 In contrast to those of healthy
subjects, DCs derived from peripheral blood
monocytes of RA patients failed to up-regulate
expression of the inhibitory FcγRII in response to
IL-13.170 Thus, IL-13 may contribute to a chronic
state of immune activation in the context of a
complex autoimmune environment.

IL-13 AND SCLERODERMA

In patients with localized scleroderma or sys-
temic sclerosis, IL-13 levels are elevated in
serum.103,106,171–173 In different studies, circulating
IL-13 levels have been found to correlate with
sedimentation rate,172 levels of C-reactive pro-
tein (CRP),172 titers of SSA/Ro antibody,103 and
the severity of SSc capillaroscopic features.173

Although no difference in the number of IL-13-
producing cells was found in peripheral blood,174

alveolar macrophages from patients with sys-
temic sclerosis secrete high levels of IL-13,175 and
the elevated serum IL-13 suggests a role for the
cytokine in supporting the fibrosis and microvas-
cular lesions that characterize this disease.173
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Figure 13.3 Potential proinflammatory effects of IL-13 in RA. IL-13, generated by T cells or activated mast cells, may stimulate

production of collagen and other extracellular matrix proteins by synovial fibroblasts. IL-13 may induce production of the proin-

flammatory cytokine, IL-6, by osteoblasts. On endothelial cells, IL-13 up-regulates VCAM expression, promoting the influx of

VLA4-expressing lymphocytes. IL-13 also triggers production of the profibrotic cytokine, TGF-β, by synovial macrophages, and

stimulates B-cell antibody production and antigen presentation.
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In a mouse model of scleroderma induced by
subcutaneous injections of bleomycin, IL-13-
protein and IL-13-producing cells were found at
the lesion site, along with increased expression of
IL-13Rα1 and IL-13Rα2.176 Similar findings were
reported in a model of bleomycin-induced pul-
monary fibrosis, in which IL-13 neutralization
effectively blocked fibrotic changes.83,177

In the tightskin mouse (TSK/+) model of sclero-
derma, IL-4Rα-deficient animals had reduced
transcription of the profibrotic cytokine, TGF-β,
and were protected from development of fibro-
sis,178 implicating involvement of IL-4, IL-13,
and/or STAT6. Thus, in scleroderma and sys-
temic sclerosis, the profibrotic effects of IL-13
may prevail over its anti-inflammatory activities,
leading to exacerbation of the disease.

IL-13 AND PSORIATIC ARTHRITIS

IL-13 levels were examined in the serum and
synovial fluid of patients with psoriatic arthri-
tis.107 Although modest elevation was observed
in the levels of IL-13 in synovial fluid of patients
with psoriatic arthritis as compared with that of
patients with osteoarthritis, this elevation was
not as profound as that seen in RA patients. This
suggests that IL-13 may be less important in 
psoriatic arthritis than in RA.

IL-13 AND SLE

IL-13 levels have been reported to be elevated in
the serum of patients with SLE.103,179 A compari-
son of IL-12 and IL-13 serum levels in SLE
patients suggests that higher IL-13/IL-12 ratios
may correlate with elevated IgM rheumatoid
factor (RF) and IgM anti-cardiolipin serum
autoantibodies.180 The role of IL-13 in enhancing
immunoglobulin production suggests that IL-13
could contribute to the elevated autoantibody
levels that are characteristic of SLE patients.
Additional studies are needed to clarify
whether IL-13 contributes significantly to the
pathology of SLE.

IL-13 AND INFLAMMATORY BOWEL DISEASE

The expression of IL-13 correlates with disease pro-
gression in animal models of ulcerative colitis (UC).

Mice deficient for the cytokine IL-10 develop
spontaneous colitis, and expression of IL-13 and
IL-4 by activated lamina propria cells from these
mice increases with the progression of the spon-
taneous colitis observed in this model.181

Experimental colitis can be induced by intra-
rectal administration of oxazalone to primed
mice, with an ensuing colitis that is similar to
human UC. Activated lamina propria mononu-
clear cells from mice in which colitis is induced
express higher levels of Th2 cytokines, including
IL-13.182 The predominant source of IL-13 in this
model was found to be NK T cells, and depletion
of NK T cells resulted in prevention of disease.
Neutralization of IL-13 using mouse IL-13Rα2-
Fc prevented the development of colitis in this
model, underscoring the pathogenic role of 
IL-13.182 In human inflammatory bowel disease,
lamina proprial cells from patients with UC pro-
duce more IL-13, whereas lamina proprial cells
from Crohn’s disease patients produce higher
levels of IFN-γ. IL-13 is produced by NK T cells
in UC patients, similar to the results found in the
mouse model of UC.183,184 Both IL-4Rα and IL-
13Rα1 are expressed on colonic enterocytes in
both UC and control intestinal samples, and
these data support a role for IL-13 in driving the
mucosal abnormalities associated with UC.184

CONCLUSIONS

IL-13 is made by T cells of the Th2 phenotype, 
as well as by NK T cells, mast cells, and
basophils. IL-13 can have potent pro- and anti-
inflammatory effects in vitro and in vivo. A grow-
ing body of evidence continues to implicate
IL-13 in the pathology of human asthma.
Whether IL-13 contributes in a major way to the
pathology of rheumatic and inflammatory dis-
eases beyond asthma is still being explored,
although some data implicate IL-13 in other
inflammatory diseases. Levels of serum IL-13
are elevated in multiple rheumatic diseases,
including RA, SLE and systemic sclerosis. The
precise contribution of IL-13 to the course of
these diseases is unclear. Correlation of a poly-
morphism in the IL-4Rα chain with an increased
susceptibility to erosive bone disease suggests
that IL-13 may modulate the pathology in the
joints of RA patients. Limited studies have been
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done to follow the levels of IL-13 in serum after
treatment with disease-modifying anti-rheumatic
drug (DMARD) therapies in RA. These studies
will be of interest, as they could allow linkage of
IL-13 levels with clinical outcome and therapeu-
tic modalities. Further studies will also be of
interest to confirm and explore the elevated IL-
13 in the synovium of early-onset RA patients,
and to determine if detection of IL-13 expression
may be of diagnostic significance. IL-13 has also
been shown to have a profibrotic role, which is
thought to be important in the immune response
against certain parasites. Additional data sup-
port a role for IL-13 in the fibrotic lung disease
associated with chronic asthma. Very limited
studies have been done to examine IL-13 in sys-
temic sclerosis, in which fibrosis contributes sig-
nificantly to disease pathology. IL-13 has been
shown to contribute to disease pathology in
animal models of UC, and evaluation of tissue
samples from UC patients indicates that IL-13 is
highly expressed in lamina proprial cells from
these patients. Translation of these data into clin-
ical studies may lead to the identification of new
therapeutic modalities based upon modulation
of IL-13 in inflammatory diseases.
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INTRODUCTION

Interleukin-15 (IL-15) is a cytokine with quater-
nary structural similarities to IL-2.1,2 IL-15 is
widely expressed in the immune system, medi-
ating regulatory and effector function in a vari-
ety of processes of relevance to both innate and
adaptive arms of the immune response. The 
frequent description of IL-15 expression in
inflammatory and autoimmune disorders has
increased interest in elucidating its basic biology
to properly facilitate targeting in the clinic. This
chapter will review the basic biology of IL-15,
highlighting particularly those properties and
functions of relevance to human pathology.

STRUCTURE OF IL-15

IL-15 is a 4-alpha helix cytokine with structural
similarity (but not primary sequence homology)
with IL-2. Initial descriptions placed IL-15 close
to IL-2 in terms of function but it is now recog-
nized that IL-15 has wider distribution and func-
tional effects. IL-15 gene is present on human
chromosome 4q31 and mouse chromosome 8.3

The human gene contains nine exons and eight
introns that are variously utilized to generate
distinct mRNA products that in turn account for
altered intracellular trafficking of the mature
protein and thereby effector function.

BIOLOGY OF IL-15 AND ITS RECEPTOR

IL-15 mRNA is broadly expressed throughout
numerous normal human tissues and cell types,
including activated monocytes, dendritic cells,
and fibroblasts4,5 (Table 14.1). However, IL-15
mRNA expression is not synonymous with 
protein detection in tissues, reflecting tight 
regulatory control of translation and secretion
(Figure 14.1).6 IL-15 is subject to significant 
post-transcriptional regulation. IL-15 mRNA 
5′-untranslated region (UTR) contains 12 AUG
triplets that significantly reduce the efficiency of
translation. Deletion of this AUG-rich 5′UTR
sequence in the HuT-102 cell line permits signif-
icant constitutive IL-15 secretion.7 Similarly,
replacement of the 48-amino acid signal peptide
with that of IL-2 or CD33 induces significantly
higher levels of IL-15 production in transfected
cells.8,9 A third regulatory element in the C-terminus
region has also been proposed since FLAG
fusion proteins exhibit higher levels of secretion
than native construct.8 Two isoforms of IL-15 are
generated through this process. Secreted IL-15 is
derived from a long signalling peptide (LSP)
containing a 48-amino acid leader sequence,
whereas a second isoform which contains a short
signalling peptide (SSP) of 21-amino acids is
retained within the cell and has been localized to
non-endoplasmic regions in both cytoplasmic
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and nuclear compartments.10–14 Altered glycosy-
lation of the IL-15 48-amino acid isoform 
may further regulate intracellular trafficking.
Ultimately, cell membrane expression may be
crucial in mediating extracellular function rather

than secretion. The significance of nuclear
expression is unclear but may constitute part of
an endogenous regulatory feedback loop. The
physiologic implications of this regulatory struc-
ture are also still unclear but clearly provide an
intracellular pool of mRNA that can readily gener-
ate cytokine in the event of acute challenge with-
out attendant delay in translational regulation.

Factors that drive endogenous IL-15 release
are as yet poorly understood. The IL-15 promoter
contains a variety of transcription sites in its 
5′ regulatory region that are typica l of many
proinflammatory cytokines, including NF-κB,
NF-IL-6, myb, GCF, αIFN-2, IRF-E and γ-IRE.4,5, 15–17

However, it has proved difficult to establish con-
sistent IL-15 secretion in vitro in most systems
investigated to date. Factors demonstrated thus
far to induce IL-15 secretion by human cells are
diverse and include human herpesvirus 6 and 7,
Mycobacterium leprae, Mycobacterium tuberculosis,
Staphylococcus aureus, lipopolysaccharide (LPS),
and ultraviolet irradiation.18–23

IL-15 binds a specific heterotrimeric receptor
(IL-15R) that is widely distributed and which
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Figure 14.1 Various stimuli increase IL-15 mRNA expression, which is the dominant species since translation is tightly regu-

lated (see text). Protein expression is in two forms – IL-15 long signaling peptide (IL-15-LSP) and IL-15 short signaling peptide

(IL-15-SSP), which traffic in distinct pathways within the cell. Membrane IL-15 expression is reported primarily on macrophages

where it likely has functional activity. Secreted IL-15 is found in only a limited set of culture conditions, usually in primary 

cultures from cells actvated in vivo, e.g. RA synovial tissues.

IL-15 mRNA

IL-15-LSP IL-15-SSP

Infectious agent
S. aureus, M. tuberculosis

HTLV-1

Cytokine
IL-1/TNF-α

Cell contact
Cytokine-activated

TCR-activated

Physical stimuli
UVB

Developmental gene expression
Wnt5/Fz5

Membrane IL-15

Secreted IL-15

Table 14.1 Expression of IL-15 in tissues

Cell types in which IL-15 has been identified

Macrophage/monocyte
Dendritic cells
T lymphocytes
Bone marrow stromal cells – primary culture/lines
Thymic epithelium
Epithelial tissues

Fetal intestine
Kidney
Keratinocytes
Fetal skin
Retinal pigment

Renal proximal tubule cells
Fibroblasts
Chondrocytes
Astrocytes
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consists of a β chain (shared with IL-2) and the
common γ chain, together with a unique α chain
(IL-15α). IL-15Rα is a type I transmembrane
receptor that is structurally related to the IL-2Rα
chain. Its genomic location in humans is chro-
mosome 10 and in mice, chromosome.2 IL-15
binds IL-15Rα-chain with very high affinity – Ka
greater than 10−11 M−1 in the absence of the 
β/γ chain complex.24 This has functional implica-
tions for in vivo function and renders recombi-
nant soluble receptor a useful probe for IL-15
expression and function in experimental sys-
tems. The domain structure is of interest in that
it contains a sushi domain that is essential for
cytokine binding and a long intracellular
domain that suggests the potential for signaling
capability independent of receptor complex 
formation. A further intriguing feature of 
IL-15–receptor interactions is their dependence
upon ionic interactions rather than hydrophobic
interactions that characterize most cytokine
receptor binding.25,26 The receptor is alterna-
tively spliced to yield eight isoforms; those that
lack exon 2 are unable to bind IL-15,4,27–30 but
may offer competitive inhibition of complex
assembly with β/γ chains. Intriguingly, IL-15Rα
(probably via an exon 2 coding region) and SSP-
IL-15 localize to the nuclear membrane/nucleus,
the functional implications of which are as yet
unknown. It is possible that nuclear IL-15/
IL-15Rα complexes act at the transcriptional
level to limit IL-15 expression and thereby offer
negative feedback within the cell.31

Recently a native soluble form of IL-15Rα
chain has been detected that is shed from 
membrane molecule via a protease-dependent
mechanism Thus far, only the tumor necrosis
factor (TNF) converting enzyme (ADAM17) has
been implicated in this process, although other
protease interactions may also exist.32 The func-
tion of such soluble receptor could reside in
binding of free extracellular IL-15 and thereby
act as a feedback inhibitor. However, one
report documents enhanced activity of IL-15 in
the presence of recombinant sushi domain of
sIL-15Ra mediated via β/γ chain complexes,
thereby suggesting agonist properties for the
soluble receptor analogous to those reported
for IL-6, sIL-6R, and gp130.33 These observa-
tions place some doubt on the utility of soluble

receptor containing complexes as therapeutic
agents at this time.

Understanding of the precise signaling path-
ways implicated in IL-15 effector function has
been considerably expanded in recent years, in
particular concerning their propensity to acti-
vate distinct cell types. In lymphocytes and
probably other leukocytes except mast cells, the
IL-15Rαβγ complex signals through JAK1/3 
and STAT3/5.4,5 Additional signaling through
src-related tyrosine kinases and Ras/Raf/MAPK
to fos/jun activation is also proposed. Further
implicated pathways include those of the Bcl-
related proteins, accounting for the regulation 
of apoptosis ascribed to IL-15 in a variety of cell
types. IL-15Rα also appears to signal in the
absence of βγ chain expression. The cytoplasmic
tail of IL-15Rα contains regions homologous to
TRAF2 binding domains, analogous to CD40, and
may compete with TNFRI for TRAF2 binding.5,34

Further studies have shown that IL-15Rα can
associate with Syk kinase mediating regulatory
function in human B-cell lines and in neutrophils.35

Finally, IL-15Rα may exhibit some promiscuity in
co-signaling with receptors from other receptor
superfamilies, as has been described for a variety
of receptors recently, e.g. epidermal growth 
factors. Thus in fibroblasts, the receptor tyrosine
kinase, Axl, associates with IL-15Rα that in turn
leads to activation of PI3K and Akt and thereby
Bcl-2/Bcl-xL.36 By this means IL-15 may mediate
rather diverse effects dependent upon the ambi-
ent receptor complement expressed on target cells
and the relative expression of other cytokine and
growth factor levels in an inflammatory milieu.

Further signaling potential exists whereby
membrane IL-15 and IL-15Rα complexes may
interact with β/γ chain on adjacent cells forming a
trans signaling complex.37 This pathway may be
of particular importance in the expansion of CD8
T-cell subsets. It is also notable that IL-15 contains
two sites at which IL-15Rα binding is possible,
raising the possibility of one cytokine molecule
binding two IL-15Rα chains allowing trans pres-
entation of IL-15 to a hetrotrimeric IL-15 receptor
complex on a recipient cell with the possibility of
generating bi-directional signaling.5

An intriguing mechanism of immune regula-
tion lies in direct signaling via the IL-15 molecule
itself via reverse signaling. Thus, as described
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for members of the TNF superfamily, it is pro-
posed that IL-15 is membrane expressed as an
integral membrane protein, perhaps via its long
signal peptide. Thereafter ligation of membrane
IL-15 leads to serine phosphorylation of IL-15
itself and activation of mitogen-activated protein
kinases (ERK1/2 and p38), and focal activated
kinase. A further report has implicated a similar
mechanism leading to activation of the small
Rho-family GTPase Rac3. These pathways in
turn are implicated in monocyte activation
chemokine release and adhesion.38,39

BIOACTIVITIES OF IL-15

Commensurate with the broad expression of 
IL-15R, diverse proinflammatory activities have
been attributed to IL-15 (Table 14.2). Key effects
are discussed below.

T cells

T cells up-regulate IL-15Rα as an early feature 
of activation. IL-15 induces proliferation of 
mitogen-activated CD4+ and CD8+ T cells, T-cell
clones, and γδT cells, with release of soluble 
IL-2Rα, and enhances cytotoxicity both in CD8+

T cells and lymphokine-activated killer cells.4,40–42

Induction of numerous membrane activation
markers has been observed including CD69,
FasL, CD40L, TNFRII, and CD25,43,44 primarily
on CD45RO+ but not CD45RA+ T-cell subsets.43

IL-15 exhibits T-cell chemokinetic activity 45,46

and induces adhesion molecule (e.g. intercellu-
lar adhesion molecule (ICAM)-3) redistribu-
tion.47 It further induces chemokine (CC-, CXC-,
and C-type) and chemokine receptor (CC but not
CXC) expression on T cells.48 Thus, IL-15 can
recruit T cells and, thereafter, modify homo- or
heterotypic cell–cell interactions within inflam-
matory sites.

IL-15 is generally considered to favor differ-
entiation of type 1 responses. IL-15 primes naive
CD4+ T cells from TCR transgenic mice for sub-
sequent interferon (IFN)-γ expression, but not
IL-4 production.49 Antigen-specific responses in
T cells from human immunodeficiency virus
(HIV)-infected patients in the presence of high-
dose IL-15 exhibit increased IFN-γ production.50

Similarly IL-15 induces IFN-γ/IL-4 ratios which

favor Th1 dominance in mitogen-stimulated
human T cells.51 However, IL-15 induces IL-5
production from allergen-specific human T-cell
clones, implying a positive role in Th2-mediated
allergic responses.52 Moreover, administration of
soluble IL-15-IgG2b fusion protein in murine
hypersensitivity models clearly implicates IL-15
in Th2 lesion development.53 In contrast, IL-15
expression in type 2 associated atopic dermatitis
patients was significantly lower than that in
normal or psoriasis patients.54 It is also now
established that IL-15 has the capacity to expand
IL-17-expressing T cells – in particular synovial
T cells release large concentrations of IL-17 
in response to IL-15 in vitro.55 However, the rela-
tive role of IL-15 in comparison to IL-6, trans-
forming growth factor (TGF)-β and IL-23p19 in
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Table 14.2 Biologic effects of IL-15

Cell type Key effects

T lymphocyte
● Activation/proliferation
● Cytokine production Th/c1 and Th/c2
● Cytotoxicity
● Chemokinesis
● Cytoskeletal rearrangement
● Adhesion molecule expression
● Reduced apoptosis

B lymphocyte
● Ig production
● Proliferation

NK cell
● Cytotoxicity
● Cytokine production
● Reduced apoptosis
● Lineage development

Macrophage
● Dose-dependent effect on activation
● Membrane expression – 

?costimulation
Osteoclast

● Maturation
● Calcitonin receptor

Dendritic cell
● Maturation
● Activation

Neutrophil
● Activation
● Cytoskeletal rearrangement
● Cytokine release
● Reduced apoptosis
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expansion of Th17 cells in mice and particularly
in humans is still unclear.56

A prominent role in T-cell memory is now
established, especially for the CD8 compartment.
IL-15 induces CD8+ T-cell expansion in vivo.57

IL-15Rα-deficient mice exhibit lymphopenia due
to reduced proliferation and homing of mature
lymphocytes, particularly of the CD8+ subset. 
A key role in the development of several cell 
lineages of the innate immune response such as
natural killer (NK) cells was also confirmed.58

Similar abnormalities are observed in IL-15-
deficient mice.59 T-cell-independent hematopoi-
etic IL-15Rα signals are vital for poly I:C
induced bystander responses in CD8+ T cells fur-
ther suggest a vital role in maintaining memory
responses.60 Studies in IL-15 transgenic mice
infected with Listeria monocytogenes further sup-
port a role for IL-15 in generating long-term anti-
gen specific memory in the CD8+ compartment.61

Recent reports have extended these observations
to include CD4+ T cells,62,63 suggesting that such
effects may have broader consequence.

NK cells

IL-15 plays a fundamental role in thymic devel-
opment of T-cell and, particularly, NK-cell 
lineages. Thus, IL-15, IL-15Rα, IL-15Rβ, IRF-1,
and JAK3 gene targeted mouse strains all 
exhibit either deficiency or absence of NK-cell
development and function. IL-15 induces 
NK-cell activation, measured either by direct
cytotoxicity, antibody-dependent cellular cyto-
toxicity, or production of cytokines.64–66 IL-15
acts as an NK-cell survival factor in vivo by
maintaining Bcl-2 expression.67–70 It has recently
been directly implicated in promoting NK-cell-
mediated shock in mice.69 The effects of IL-15 in
the NK-cell compartment have recently been
comprehensively reviewed.71

Macrophages

Macrophages bind IL-15 with high affinity via
expression of IL-15Rα/β/γ. IL-15 may function as
an autocrine regulator of macrophage activation,
such that low levels of IL-15 suppress whereas
higher levels enhance proinflammatory monokine
production.72 The latter includes TNF-α, IL-1,

and IL-6, together with the chemokines IL-8 and
MCP-1.72,73 Moreover, since human macrophages
constitutively express bioactive membrane-
bound IL-15, such autocrine effects are likely 
of early importance during macrophage activa-
tion. LPS or granulocyte/macrophase colony-
stimulating factor (GM-CSF) rapidly induce
translocation of preformed IL-15 stores to the
plasma membrane of blood-derived CD14+

macrophages where it is able to sustain T-cell
proliferation.74 This membrane expression may
represent a major effector pathway for IL-15.
Thus, IL-15-LSP that is secreted only at low
levels is more efficient in viral host defence than
is IL-15 engineered to be secreted at high
levels.75 IL-15 appears to directly enhanced
macrophage effector function. IL-15 has been
implicated in M. leprae-induced monocyte matu-
ration.76 IL-15 increases phorbol myristate
acetate (PMA)-activated macrophage clearance
of Leishmania infantum via an IL-12-dependent
mechanism.77 Similarly IL-15 is implicated in
immune clearance of M. tuberculosis in a murine
macrophage-dependent model.78 In a variety of
autoimmune models IL-15 expression has been
closely linked to macrophage activation in part
mediated via sustaining T cell–macrophage
interactions.79

Dendritic cells

IL-15, together with GM-CSF, has recently been
shown to support the maturation of monocytes
into dendritic cells (CD1a+, DR+, CD14−) that
could be further matured by LPS, TNF-α or CD-
40L into CD83+, DC-LAMP+ cells.80 A proportion
of these cells expressed E-cadherin and CCR6,
reminiscent of Langerhans cells. Moreover, DCs
from common-γ chain-deficient mice exhibit
reduced IL-12 and nitric oxide (NO) release that
was shown in IL-15-deficient mice to be depend-
ent primarily upon IL-15.81 IL-15 is implicated in
IL-2 release from mDCs,82 and DC survival is
regulated to some extent by an IL-15-dependent
mechanism.83 IL-15 has therefore been proposed
as a critical component in the initiation of
delayed-type hypersensitivity (DTH) immune
responses in vivo. Together these data suggest
that IL-15 may operate at an early stage to pro-
mote DC maturation and functional activation.
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Neutrophils

Neutrophils express IL-15Rα and IL-15 can
induce neutrophil activation and cytoskeletal
rearrangement.84,85 Thus IL-15 enhances neu-
trophil phagocytosis, increases de novo protein
mRNA and protein synthesis (e.g. cytokines and
chemokines), and resists progression of apopto-
sis. The latter appears to operate via a variety of
mechanisms including induction of IL-1R syn-
thesis and release, maintenance of myeloid dif-
ferentiation factor-1 expression, and reduction 
of caspase 1 and caspase 3 activity, in turn modi-
fying Bax expression.5,86 Notably IL-15 mediates
increased phagocytosis via a Syk-kinase-
dependent mechanism (see above). The func-
tional importance of these observations has been
confirmed in particular using in vitro responses
to Candida albicans. Their wider significance in
autoimmune or inflammatory disease states is
less clear at present.

Eosinophils and mast cells

IL-15 regulates survival of eosinophils. The pre-
cise mechanisms whereby this is mediated
remain unclear but likely involve elaboration of
GM-CSF production with consequent NF-κB
nuclear translocation in an autocrine manner.87

That mast cells have the potential to respond to
IL-15 has long been recognized, not least in the
original description of a novel IL-15R X on this
lineage.88 Whereas the identity of this receptor
remains unclear, and subsequent studies have
shown IL-15Rα on mast cells, there is now a 
significant literature to support a role for IL-15
in promoting effector function. Thus IL-15
enhances proliferation of bone marrow-derived
mast cells, and as with other lineages delays
apoptosis induced by coincident withdrawal of
essential growth factors such as IL-3. This path-
way appears to be mediated in part via Bcl-KL

and local release of IL-4.89 The concentrations
required for these effects are high in vitro and
their relevance in vivo remains unclear.

Osteoclasts

Addition of IL-15 to rat bone marrow cultures
induces osteoclast development and up-regulates
calcitonin receptor expression.90

Fibroblasts

Fibroblasts grown from a variety of tissues
express IL-15, which may be of functional rele-
vance to the capacity of host tissues to modulate
evolving immune responses therein. IL-15 effec-
tor function in the context of immune-mediated
pathology is considered in Chapter x. Membrane
IL-15 is considered capable of promoting 
NK-cell and T-cell activation.91,92 In potential
autocrine regulatory loops IL-15 is also able to
sustain fibroblast survival via modulation of 
Bcl-2 and Akt/PI3K-dependent pathways.36

CONCLUSIONS

IL-15 and its receptor are expressed on a wide
range of hemopoietic and non-hemopoietic cell
types. IL-15 thus provides a pathway whereby
host tissues can contribute to the early phase of
immune responses, providing enhancement of
polymorphonuclear and NK-cell responses, and
subsequently T-cell responses. Such activity may
facilitate chronic rather than self-limiting inflam-
mation should IL-15 synthesis be dysregulated.
This subject will be addressed in Chapter x in
this volume.
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Interleukin-17: a new target in arthritis
Pierre Miossec, Myew-Ling Toh and Saloua Zrioual
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INTRODUCTION

The favorable clinical results obtained with
tumor necrosis factor (TNF)-a inhibitors have
clearly demonstrated the contribution of
cytokines to inflammation and destruction in
rheumatoid arthritis (RA). As some patients do
not respond and the effect of TNF-a inhibition is
suspensive, additional cytokines can be consid-
ered as new targets. Interleukin (IL)-17 is now
considered because of its proinflammatory and
joint destructive properties (Figure 15.1). In
addition, its production by T cells would clarify
the contribution of T-cell subsets to arthritis. At
the same time, it remains to be clarified why 
it took 10 years to move from the identification
of the role of IL-17 to planning clinical trials 
with the appropriate tools. After a summary 
of the classical knowledge on IL-17, we will
focus on the new aspects regarding IL-17
obtained since our previous review on the 
subject in 2003.1

DISCOVERY AND STRUCTURE OF IL-17

In 1995/96, researchers at Immunex, Seattle2 and
at Schering-Plough, Lyon France3 defined effects
of the new cytokine IL-17, by demonstrating its
effects on mesenchymal cells, including synovio-
cytes, such as the induction of various inflamma-
tory cytokines. Later a systematic gene bank
analysis found sequences with four cysteine
residues, characteristic of IL-17, in other proteins

subsequently classified as IL-17 family 
members.4 They are now listed as IL-17A to 
F. IL-17E is IL-25, implicated in Th2 allergic reac-
tions and has anti-inflammatory properties.5,6

IL-17F is the closest to IL-17A, with a 50%
sequence homology, and appears to share a
number of properties with IL-17A, although its
role in inflammation and related diseases
remains to be investigated in more detail.
Accordingly, we will focus on these two members,
unless indicated.

IL-17 RECEPTORS AND MODE OF ACTION

As for other cytokines, IL-17 acts through cell
membrane receptors. A mouse IL-17 receptor
was isolated, first followed by the description of
the human counterpart.7,8 Comparison of known
sequences and protein structures indicated that
the IL-17 receptor is a member of a new family.7

In contrast to the restricted production of IL-17
by T cells, its receptor is widely expressed on
almost any cell type. However, receptor affinity
assays demonstrated that the isolated IL-17
receptor interacts with IL-17 with low affinity.
Such low affinity suggested that additional
chains may be associated with the IL-17 
receptor. However, the soluble form of this 
low affinity chain is a potent inhibitor of IL-17
function. Patent issues are probably the reason
why additional research on IL-17 receptors took
so long.
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Recently, the IL-17 receptor complex has been
clarified in the mouse. It is composed of the com-
bination of two chains: IL-17RA and IL-17RC.9

The two chains bind IL-17A and F with different
affinities. It was suggested that IL-17RA is the
receptor for IL-17A and IL-17RC for IL-17F, but
this remains unclear.

Intracellular signaling molecules have been
identified and their pharmacological control is
the target of active research. IL-17 shares many
signal transduction pathways with IL-1 and
TNF-a. In particular, JNK, TRAF-6, p38, and 
NF-kB are key signaling molecules downstream
of IL-17 receptor binding, implicated in the bio-
logical effects of IL-17.10,11 These pathways have
been identified in mesenchymal cells such 
as synoviocytes,12 chondrocytes,13 osteoblasts, 
and myoblasts. In the development of experi-
mental autoimmune encephalomyelitis, results
in IL-17-deficient mice suggest that protein
kinase C (PKC) theta is implicated in the 
regulation of IL-17 in T-cell function.14

Source of IL-17

IL-17 was first described as a CD4+ T-cell prod-
uct. Although eosinophils were shown to be the
source of IL-17 in bronchial secretions in
asthma,15 the contribution of eosinophil-derived
IL-17 over that from T cells is unknown.

Classification of IL-17 in the classical Th1/Th2 bal-
ance has advanced recently, at least in the mouse.
The first step came from the isolation of IL-23 and
the separation of its properties from those of IL-
12. In experimental models ofencephalomyelitis,
it was demonstrated that interferon (IFN)-g was
induced by IL-12 and not IL-23.16 Conversely, 
IL-23 was found to be a key factor for induction
of IL-17. Anti-IL-23 antibody treatment reduced
systemic and local levels of IL-17 in the experi-
mental encephalomyelitis.17 Similar effects are
observed in other experimental models of
inflammatory and autoimmune diseases.18,19 In
contrast to the potent anti-inflammatory effects
of IL-23 inhibition, in vitro murine studies
demonstrate relatively weak stimulatory effects
of IL-23 on IL-17 production. Recent papers indi-
cate that transforming growth factor (TGF)-b
and IL-6 have much more potent effects com-
pared with IL-23.20 In addition there is a regula-
tory balance between Th17 cells and regulatory
T cells. IL-6 and TGF-b induce Th17 cells,
whereas IL-6 inhibits the generation of Foxp3-
positive regulatory T cells induced by TGF-b.20

New understanding of the Th1/Th2 balance
came from the identification of a new lineage of
murine CD4+ T cells characterized by IL-17
secretion and thus named Th IL-17 or Th17
(Figure 15.2). In addition, IL-17 production was
shown to be inhibited by IFN-g. The divergent
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effect of IL-12 in induction of IFN-g versus IL-23
in induction of IL-17 was then extended to
human in vitro studies.21

Transcription factors have been associated
with the development of CD4+ T-cell subsets. 
T bet and STAT1 are required for Th1 cell devel-
opment, whereas GATA-3 and STAT6 are
required for the development of Th2 cells. The
transcription factors required for the develop-
ment of Th17 remain to be clarified. Although 
T bet and STAT1 are not required for the initial
production of IL-17, T bet is needed for an opti-
mal production of IL-17 in response to IL-23.17

However, opposite results have been published
showing a negative effect of T bet.22

The morphology of IL-17-producing T cells is
of interest to understand its biology. This
unusual aspect was first observed by staining 
IL-17-positive cells in the RA synovium.23 The
positive cells resembled plasma cells with a
remote nucleus indicating potent secretory
activity. Similar morphology was observed in
activated T cells from peripheral blood and
lymph nodes. Following polyclonal activation,
IL-17-positive cells lose T-cell receptor and CD3
membrane markers but retain the CD4 mem-
brane marker. A parallel can be drawn between
B cells, which have lost their B-cell membrane
receptor when they start producing soluble
immunoglobulins as plasma cells. It is unclear

whether these cells are terminally differentiated
and will thus subsequently die, or whether they
can revert to a more common T-cell phenotype
with possibly different secretory functions.

Interactions between IL-17 and other
proinflammatory cytokines

IL-17 was described by its ability to induce the
production of IL-6 and IL-8 by fibroblasts.3

When IL-1, IL-17, and TNF-a are compared for
effects on IL-6 production, IL-1 is clearly the
most potent followed by TNF-a, whereas IL-17
is poorly active. The most interesting aspect of
these studies is the additive and often synergis-
tic effects observed when combining IL-1 or
TNF-a with IL-17.24 These synergistic effects
with TNF-a were observed in all mesenchymal
cells tested, first with synoviocytes,24 then 
with chondrocytes,25,26 osteoblasts,27,28 and
myoblasts.29 Similarly, it appears that IL-17F is
poorly active alone and acts in synergy with
TNF-a (unpublished observations).

The mechanisms responsible for such synergy
are not fully understood. However, when low
concentrations of cytokines, which reflect 
more directly the in vivo situation, are used in
combination, a very potent effect on transcrip-
tion factor activation is observed in mesenchy-
mal cells such as synoviocytes, osteoblasts, 
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or myoblasts.29–31 In addition, cytokine combina-
tions result in recruitment of additional tran-
scription factors not activated when cytokines
are used alone, even at optimal concentrations.

Furthermore, these cytokines interact with
each other at the level of production. IL-17
increases the production of IL-1 and TNF-a by
monocytes.32 Thus low concentrations of IL-17
will increase the proinflammatory properties of
these monocyte-derived cytokines. The wide-
spread expression of IL-1 and TNF-a, in contrast
to the restricted expression of IL-17 by T cells,
would suggest that IL-17 has a regulatory role in
fine tuning of the inflammatory response.33

IL-17 in arthritis

Demonstration of the presence of IL-17 in RA
was carried out using a bioassay where synovio-
cytes were exposed to RA synovium super-
natants in the presence of an anti-IL-17 blocking
antibody.34 This resulted in a 70% inhibition of
the IL-6-inducing activity present in these super-
natants. Thus in 1999 in RA, bioactive IL-17 had
been identified, studies demonstrated that it
interacted with other key proinflammatory
cytokines, and finally its proinflammatory
effects could be inhibited by a neutralizing anti-
body ready for drug development. Direct addi-
tion of exogenous IL-17 to RA synovium pieces
increased IL-6 production, whereas that of a
neutralizing anti-IL-17 antibody reduced it. The
same results were observed with juxta-articular
bone samples, indicating the local production of
IL-17 inside bone, and its contribution to destruc-
tion. Furthermore, some of the IL-17-producing
cells in synovium, and possibly in bone, 
express RANK ligand (RANKL) and contribute
to destruction through RANK interactions on
osteoclasts. In addition, IL-17 increases RANKL
expression in mesenchymal cells including 
synoviocytes.35 Recently, the presence of 
IL-17-positive cells in RA synovium was predictive
of joint damage at 2 years.36

IL-17 has differential effects on the produc-
tion of chemokines, which regulate cell migra-
tion to the RA synovium. Synergy is again
observed between IL-1, TNF-a, and IL-17 in
induction of synoviocyte MIP3a (now renamed
CCL20), a chemokine involved in the migration

of memory T cells and immature dendritic cells
(DCs).37 This can be inhibited by the anti-
inflammatory cytokines IL-4 and IL-13. Similar
results are observed for the production of CXC
chemokines involved in the migration of neu-
trophils. In contrast, IL-17 inhibits TNF-a-induced
production of CC chemokines such as RANTES
involved in the migration of mononuclear cells.38

On DCs in RA synovium, there is a defect in
DC maturation with a relative accumulation of
immature DCs.39 IL-17 interacts with IL-1 and
TNF-a to favor DC migration, acting in synergy
to induce the production of CCL20/MIP-3a.37

CCL20-producing cells are located in the lining
layer and perivascular infiltrates in close associ-
ation with CD1a immature DCs. Addition of
exogenous IL-17 to synovium explants increases
CCL20 production. Conversely, specific soluble
receptors for IL-1, IL-17, and TNF-a inhibit
CCL20 production to various degrees but maxi-
mal inhibition is obtained only with combination
of these inhibitors.

Proinflammatory cytokines produced by RA
synovium have destructive patterns. As for IL-1
and TNF-a, IL-17 increases the spontaneous pro-
duction of metalloproteases (MMPs) by synovio-
cytes, IL-1 again being more potent. Addition of
IL-4, IL-13, and IL-10 to synoviocyte cultures
reduces the spontaneous production of MMP-1
and induces TIMP-1 production by synoviocytes
stimulated with IL-17 and/or IL-1b. In the pres-
ence of anti-IL-17 blocking antibody, MMP-1
production and collagenase activity by RA 
synovium is reduced with a decrease of type I
collagen C-telopeptide fragments (CTX) released
in the supernatants.40 From these results, IL-17
appears to contribute to both the inflammatory
and destructive aspects of RA.

In chondrocytes, IL-17 induces prostaglandin
E2 (PGE2) and nitric oxide (NO) production by
cartilage explants in an IL-1 independent but
LIF-dependent fashion.26,41,42 IL-17 increased col-
lagenase-3 production as for IL-1, mainly
through AP-1 activation.

In osteoblasts, IL-17 induces IL-6 production.43

As in chondrocytes, but only in combination
with TNF-a, IL-17 induces NO production 
in osteoblastic cells by an NF-kB-dependent
mechanism.44 During cell interactions between
osteoblasts and osteoclast precursors, the 
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presence of IL-17 induces osteoclastogenesis.45

IL-17 and other cytokines stimulating osteoclas-
togenesis, such as IL-1b and TNF-a, increase the
expression of RANKL with a concomitant
decrease in osteoprotegerin (OPG) expression in
osteoblasts/stromal cells.46 IL-17-producing 
T cells express the membrane form and secrete
the soluble form of RANKL.47 These biological
aspects identified IL-17 as a new key cytokine
involved in bone resorption.27 In the context of
RA, T cells in juxta-articular bone are the source
of IL-17, which then acts locally to destroy bone.48

The results observed with isolated cells were
extended by using ex vivo models with synovial
explants and in vivo animal models. In these
human ex vivo models, addition of IL-17
enhances IL-6 production and collagen destruc-
tion and inhibits collagen synthesis by RA syn-
ovium explants.49 In isolated mouse cartilage
explants, IL-17 increases cartilage proteoglycan
loss and inhibits its synthesis.48,50 On human RA
bone explants, IL-17 also increases bone resorp-
tion and decreases formation.48 Suppression of
bone-derived endogenous IL-17 with specific
inhibitors results in a protective effect on bone
destruction. Conversely, intra-articular adminis-
tration of IL-17 into a normal mouse joint
induces cartilage degradation. These effects are
IL-1-independent, as the IL-17 effect is still
observed in IL-1-deficient mice.51 Furthermore,
in line with RA chronicity, the continuous
administration of IL-17 by gene therapy leads to
massive inflammation with a mononuclear cell
infiltrate and massive bone and cartilage destruc-
tion.52 Such bone but not cartilage destruction
can be prevented with OPG. In collagen-induced
arthritis, it is important to oppose arthritis induc-
tion in naïve conditions where IL-17 contribution
is TNF-dependent as opposed to the chronic
phase where such dependency is lost.53

In conclusion, the contributions of IL-17
derived from synovium and bone marrow T
cells to joint destruction are strong arguments
for the control of IL-17 in the treatment of RA.

CONTROL OF IL-17 WITH 
BIOTECHNOLOGY TOOLS

At the time of its discovery, two specific IL-17
inhibitors, a human anti-IL-17A monoclonal

antibody (MAb) and a soluble receptor (sR) for
mouse IL-17A, were already available to be
tested in vitro and in animal models. Later new
MAbs against the protein and the receptor and a
sR for human IL-17A were obtained.

The use of these tools in animal and in ex vivo
human models has provided the rationale for 
IL-17 inhibition in RA or other inflammatory
diseases (Figure 15.3). In animal models, soluble
IL-17 receptor and anti-IL-17 antibody treatment
reduces severity, and joint damage.54–56 In RA
synovium and bone ex vivo models, addition of
IL-17 inhibition reduces inflammation and
destruction. As IL-1, TNF-a and IL-17 have
many additive and/or synergistic effects in vitro,
it was of interest to test whether their combined
inhibition with sR would lead to an enhanced
effect on ex vivo models of synovium inflamma-
tion and bone destruction, where RA synovium
and bone explants are cultured in the presence
of etanercept, the TNF-a p75 sR alone, and in
combination with type II IL-1 sR and IL-17 sR.57

In synovium, all three sR used alone decrease 
IL-6 production by approximately one-third and
that of CTX by one-half. Combinations are more
effective, inhibiting IL-6 production and colla-
gen degradation by up to 70%. Similar results
are obtained with bone explants. These results
support the concept of combination therapy in
the clinic, which may increase the percentage of
responding patients as well as the degree 
of individual patient response.
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IL-17 function is also inhibited by Th2
cytokines, which control IL-1 and TNF-a at the
same time. Administration of IL-4 to mice with
arthritis through gene therapy prevents bone
erosion and diminishes the formation of osteo-
clast-like cells.58 MRNA and protein levels of 
IL-17 and RANKL are markedly suppressed,
leading to reduced osteoclast activation and
finally bone destruction.

When selecting the available biotechnology
products for trials, the respective contribution 
of IL-17F over IL-17A and that of IL-17RA over
IL-17RC remain to be clarified.

Possible side effects

Inhibition of TNF has been associated with side
effects. The most severe were infections, mostly
with intracellular bacteria. Tuberculosis was the
most common manifestation mostly, through
reactivation.

The role of IL-17 in host defense appears to be
different from that of TNF. IL-17 has a major
effect on neutrophils. IL-17 induces the matura-
tion of CD34 hematopoietic lymphoid and
myeloid progenitors.59 In the same way, IL-17
induces neutrophil accumulation in infected
lungs. In addition, IL-17 activates neutrophils to
produce chemokines and hematopoietic growth
factors.60 Mice deficient in the IL-17 receptor
have an increased sensitivity and mortality to
lung bacterial infection, suggesting a mechanism
for CD4 T-cell defects associated with bacterial
pneumonia.61 In RA, the immune defect associ-
ated with TNF-a inhibition could be related to a
role for IL-17 to control opportunistic infections
such as tuberculosis. In this case, inhibition of
TNF-a modifies the synergy of the cytokines
acting on or produced by T cells.

These effects of IL-17 on host defense have to
be considered carefully when inhibition of IL-17
is considered in patients where systemic
immune defenses are already altered. Regarding
potential side effects associated with IL-17 inhibi-
tion, blocking of IL-17 in humans may have limi-
tations by reducing innate and T-cell-mediated
immunity. This may affect the host defense,
increasing the risk of neutrophils well as 
T-cell-mediated infections.62 Results in models of
tumor growth are too contradictory to evaluate 

a possible risk in solid tumors and lymphomas
when blocking IL-17.

WAITING FOR A TREATMENT

Regarding the contribution of T cells to RA,
results with IL-17 have clarified this once highly
discussed issue.63 This proinflammatory
cytokine is produced in the RA synovial mem-
brane, by an infiltrating CD4+ T-cell subset. When
in contact with synoviocytes, IL-17-producing
T cells have an increased ability to favor destruc-
tion and to block repair activity. Furthermore,
IL-17 produced by T lymphocytes from bone
marrow contributes locally to juxta-articular
bone destruction. Finally, IL-17 acts in synergy
or additively with TNF-a and IL-1, increasing
their production and action. Accordingly, inhibi-
tion of IL-17 could be beneficial in human RA, as
has been demonstrated in many experimental
models of RA. Tools for treatment are already
available. A business strategic decision is
needed to move forward. Combination therapy
with the current cytokine inhibitors may be 
of interest to increase the rate and duration of
response.
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The role of interleukin-18 in inflammation
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SUMMARY

Several autoimmune diseases are thought to be
mediated, in part, by interleukin (IL)-18. Many
are those with associated elevated interferon-g
(IFN-g) levels such as systemic lupus erythe-
matosus (SLE), macrophage-activation syndrome,
rheumatoid arthritis (RA), Crohn’s disease, and
psoriasis, as well as graft versus host disease
(GVHD). In addition, ischemia, including acute
renal failure in humans, appears to involve 
IL-18. Animal studies also support the concept
that IL-18 is a key player in models of lupus ery-
thematosus, atherosclerosis, GVHD, and hepati-
tis. Unexpectedly, IL-18 plays a role in appetite
control and the development of obesity. IL-18 is
a member of the IL-1 family; IL-1b and IL-18 are
closely related, and both require the intracellular
cysteine protease caspase-1 for biological 
activity. The IL-18 binding protein, a naturally
occurring, specific inhibitor of IL-18, neutralizes
IL-18 activities and has been shown to be safe in
patients. Other options for reducing IL-18 
activities are inhibitors of caspase-1, human
monoclonal antibodies (mAbs) to IL-18, soluble
IL-18 receptors, and anti-IL-18 receptor (mAbs).

INTRODUCTION

IL-18 is a member of the IL-1 family of cytokines
and is structurally related to IL-1b.1 Recently, a
new member of the IL-1 family, IL-33, has been
reported. Structurally IL-33 is closely related to

IL-18,2 but unlike IL-18, IL-33 binds to its own
receptor, ST2, a long-time orphan receptor in the
IL-1 family of cytokines.2 The IL-1b and the 
IL-18 precursors require caspase-1 for cleavage,
activity and release.3–5 Therefore, anti-proteases
that inhibit caspase-1 reduce the processing and
release of IL-1b as well as IL-18. Now, IL-33 can
be added to the list of members of the IL-1,
which require caspase-1 for processing and
release.2 However, it is important to note that 
IL-18 is not a recapitulation of the biology or
clinical significance of IL-1 or similar to the 
biological activity of IL-33; in fact, IL-18 is a
unique cytokine exhibiting inflammatory as well
as immunoregulatory processes distinct from 
IL-1b or IL-33. For example, IL-1b is not required
for IFN-g production, whereas IL-18 is required.6

Initially considered primarily a Th1 polarizing
cytokine, IL-18 is also relevant to Th2 diseases.7

As discussed in this chapter, animal models
reveal that targeting IL-18 holds promise for the
treatment of autoimmune and inflammatory 
diseases.

IL-18 AS AN IMMUNOREGULATORY CYTOKINE

The importance of IL-18 as an immunoregula-
tory cytokine is derived from its prominent bio-
logical property of inducing IFN-g. IL-18 was
first described in 1989 in the serum following an
injection of endotoxin into mice pretreated with
Proprionibacterium acnes and shown to induce
IFN-g; however, at that time many investigators
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concluded that the serum factor was nothing but
IL-12. With a great deal of diligence, the putative
IFN-g-inducing factor activity was purified from
thousands of mouse livers and the N-terminal
amino acid sequence revealed a unique
cytokine, not IL-12. With molecular cloning of
‘IFN-g-inducing factor’ in 1995,1 the name was
changed to IL-18. Surprisingly, the new cytokine
was related to IL-1 and particularly to IL-1b.
Both cytokines, lacking signal peptides, are first
synthesized as inactive precursors, and neither
is secreted via the Golgi. Following cleavage by
caspase-1, the active ‘mature’ cytokines are
released. Macrophages and dendritic cells (DCs)
are the primary sources for active IL-18, but 
the IL-18 precursor is found constitutively
expressed in epithelial cells throughout the
body. Previously, it was thought that inhibition
of caspase-1 as a therapeutic target was specific
for reducing the activity of IL-1b but it became
clear that IL-18 activity would also be affected.
In fact, any phenotypic characteristic of caspase-
1-deficient mice undergoing inflammatory 
challenges must be differentiated as due to
reduced IL-1b or IL-18 activity. For example, the
IL-1b-deficient mouse is susceptible to models of
colitis, whereas the caspase-1-deficient mouse is
resistant;8 antibodies to IL-18 are protective,
whereas the IL-1 receptor antagonist is not.8,9

Because of its role in the production of IFN-g,
T-cell polarization is a characteristic of IL-18,
whereas IFN-g induction is not a prominent
characteristic of IL-1. IL-18 exhibits characteris-
tics of other proinflammatory cytokines, such as
increases in cell adhesion molecules, nitric oxide
(NO) synthesis, and chemokine production. 
A unique property of IL-18 is the induction of
Fas ligand (FasL). The induction of fever, an
important clinical property of IL-1, tumor necros
factor (TNF)-a, and IL-6, is not a property of 
IL-18. Injection of IL-18 into mice, rabbits, or
humans does not produce fever.10,11 Unlike IL-1
and TNF-a, IL-18 does not induce cyclooxyge-
nase-2 and hence there is no production of
prostaglandin E2 (PGE2).12,13 IL-18 has been
administered to humans for the treatment of
cancer to increase the activity and expansion of
cytotoxic T cells. Although the results of clinical
trials are presently unknown, several preclinical
studies reveal the benefit of IL-18 administration

in certain models of rodent cancer. Not unex-
pectedly and similar to several cytokines, the
therapeutic focus on IL-18 has shifted from its
use as an immune stimulant to inhibition of its
activity.

Because IL-18 can increase IFN-g production,
blocking IL-18 activity in autoimmune diseases
is potentially an attractive therapeutic target.
However, anti-IL-12 has been shown to reduce
the severity of Crohn’s disease as well as 
psoriasis. Therefore, IL-12 can induce IFN-g in
the absence of IL-18. However, there are many
models of IL-18 activity independent of IFN-g.
For example, we have recently reported a new
cytokine, IL-32, which was discovered in the
total absence of IL-12 or IFN-g.14 Furthermore, 
a model of inhibition of proteoglycan synthesis
is IL-18-dependent but IFN-g-independent.15

In addition, IL-18-dependent melanoma 
metastasis to the liver is IFN-g-independent.16

The results of preclinical studies and the 
targeting of IL-18 to treat autoimmune and
inflammatory diseases will be discussed in this
chapter.

Role of IL-18 in the loss of insulin-producing 
b cells

Several studies report that the levels of IL-18 in
various transplant models, as well as in kidney
transplant patients, correlate with graft failure.
Using mice that overproduce IL-18BP as diabetic
islet graft recipients, it was reported that IL-18
indeed plays a role in the damage inflicted upon
transplanted islets. In view of the wide distribu-
tion of IL-18 producer cells, it was essential to
identify the cellular sources of damaging IL-18.
To address this issue directly, islets from 
IL-18-deficient mice were transplanted into
wild-type recipient mice, resulting in a greater
survival compared with wild-type islets trans-
planted into wild-type mice.17 This finding 
supports the concept of local endogenous islet
IL-18 being sufficient to promote b cell injury
during islet transplantation. In fact, lack of 
islet-derived IL-18 from grafted islets resulted in
a similar outcome to that obtained by reduced
activity of IL-18 in mice transgenic for IL-18BP,
suggesting that host-derived IL-18 plays a 
negligible role in islet graft failure.17
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Therapeutic strategies for reducing 
IL-18 activities

The strategies for reducing IL-18 activity include
neutralizing anti-IL-18 mAbs, caspase-1 inhibitors,
and blocking antibodies to the IL-18 receptor
chains. Caspase-1 inhibitors are oral agents and
presently in clinical trials in RA a reduction in
the signs and symptoms of the disease has been
observed. Caspase-1 inhibitors prevent the
release of active IL-1b and IL-18 and therefore
may derive clinical benefit by reducing the 
activities of both cytokines.3,4,18 A naturally
occurring IL-18 binding protein (IL-18BP) was
discovered in 1999; IL-18BP is effective in neu-
tralizing IL-18 activity.19 IL-18BP is not a soluble
form of either chain of the IL-18 receptor but
rather a constitutively secreted, high affinity,
and specific inhibitor of IL-18.20,21 IL-18BP is cur-
rently in clinical trials for the treatment of RA
and severe psoriasis. Although the results of
these trials have not been published, in phase I
and phase II clinical trials IL-18BP was safe even
at the highest doses in over 6 weeks of treatment.

Caspase-1 and non-caspase-1 processing 
of IL-18

The importance of caspase-1 in inflammation
has been revealed in patients with mutations in
the NALP3 gene locus, which participates in the
conversion of procaspase-1 to active caspase-1.
Single amino acid point mutations in the gene
product result in increased processing and
release of IL-1b.22 Clinical manifestations include
mental retardation, hearing loss, exquisite sensi-
tivity to cold, and deforming arthritis.23 Some
patients have extremely high levels of serum
amyloid A protein with renal deposits and ter-
minal renal failure; within a few days of IL-1
blockade using the IL-1 receptor antagonist,
these patients exhibit a near total reversal in
both the symptoms and the biochemical abnor-
malities of the disease.24 It remains likely that 
IL-18 also contributes to disease in these patients.

The non-caspase-1 enzyme associated with
processing both the IL-1b and the IL-18 precur-
sors is proteinase-3 (PR-3).25 Agonistic autoanti-
bodies to PR-3 are pathological in Wegener’s
granulomatosis and may contribute to the 

non-caspase-1 cleavage of the IL-18 precursor
and IFN-g production in this disease. Epithelial
cells stimulated with PR-3 in the presence of
endotoxin release active IL-18 into the super-
natant.26 Since lactate dehydrogenase activity is
not released, the appearance of active IL-18 is
not due to cell leakage or death. Injecting mice
with recombinant FasL results in hepatic
damage, which is IL-18-dependent.27 However,
FasL-mediated cell death is IL-18-dependent,
caspase-1-independent,27 but ischemia-reperfusion
injury resulting in cell death is via an IL-18- and
caspase-1-dependent pathway.28,29

P2X7 receptor targeting

The P2X7 receptor is involved in the secretion of
IL-1b as well as IL-18.30–32 Stimulation of this
receptor by ATP is a well-described event in the
release of IL-1b as well as IL-18. A tyrosine
derivative named KN-62 exhibits selective P2X7
receptor-blocking properties.33 In a study of
small molecule inhibitors of this receptor,
analogs of KN-62-related compounds were 
characterized for their ability to affect the
human P2X7 receptor on monocyte-derived
human macrophages.33 Although several
analogs inhibited the secretion of IL-1b, no data
exist on the effect of these inhibitors on IL-18
secretion.33 Unlike IL-1b, the secretion of IL-18
has mostly been studied in vivo in mice that have
been treated with Cryptosporidium parvum,4

rather than in vitro. In vitro, the release of IL-18
requires the presence of activated T cells.34,35

Targeting the IL-18 receptors

Antibodies to either chain of the IL-18 receptor
complex are attractive options for treating 
IL-18-mediated diseases. The IL-18 receptor
chains (IL-18Ra and IL-18Rb) are members of
the IL-1 receptor family. The binding sites for 
IL-18 to the IL-18 receptor a chain are similar to
those for IL-1 binding to the IL-1 receptor type
I.36–38 Two sites bind to the ligand binding chain
(IL-18Ra) and a third site binds to the IL-18Rb
chain, also called the signal transducing chain.
The intracellular chains of the IL-18 receptors
contain the Toll domains, which are essential for
initiating signal transduction (see Figure 16.1).
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The Toll domains of the IL-18 receptors are sim-
ilar to the same domains of the Toll-like recep-
tors, which recognize various microbial
products, viruses, and nucleic acids. As a thera-
peutic option, however, commercial antibodies
generated to the IL-18 receptor a and b chains
are 100-fold less effective in neutralizing 

IL-18 activity compared with the IL-18BP.39

Nevertheless, the development of blocking anti-
bodies to IL-18 receptor chains remains a viable
therapeutic option, since an antibody to the type
I IL-1 receptor chain is in clinical trials in RA.

Unless converted into a fusion protein in
somewhat the same manner as that of other 
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Figure 16.1 IL-18 activation of cell signaling. Mature IL-18 binds to the IL-18R chain and recruits the IL-18Rb chain, resulting

in the formation of a heterodimeric complex. As a result of the formation of the extracellular complex, the intracellular chains

also form a complex which brings the Toll domains of each receptor chain into close proximity. Although poorly understood, the

close proximity of the Toll domains recruits the intracellular protein MyD88 to the receptor chains. MyD88 is common to cells

activated by IL-1, IL-18, and TLR-4 ligands (endotoxins). Following MyD88 recruitment, there is a rapid phosphorylation of the 

IL-1 receptor activating kinases (IRAKs). There are four IRAK proteins. Depending on the cell type, other kinases have been

reported to undergo phosphorylation. These are the TNF receptor activating factor (TRAF)-6 and inhibitory kappa B kinases (IKK)

a and b (not shown). Phosphorylation of IKK results in the phosphorylation of IkB and translocation of NF-κB to the nucleus.

However, this is not observed uniformly in all cell types and there are distinct differences in NF-κB activation in different cells

stimulated with IL-18.13 In addition, IL-18-activated cells phosphorylate mitogen-activating protein kinase (MAPK) p38. In IL-18-

activated cells, new genes are expressed and translated. Those shown in the figure represent the proinflammatory genes.

Preventing IL-18-induced cellular activation is accomplished by the presence of IL-18BP. IL-18BP is present in the extracellular

milieu as a constitutively expressed protein where it can bind and neutralize IL-18, thus preventing activation of the cell surface

receptors. In addition, formation of inactive complexes of IL-18BP with IL-18 and the IL-18Rb chain deprives the cell of the par-

ticipation of IL-18Rb chain in activating the cell.
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soluble cytokine receptors, it is unlikely that 
the soluble form of the monomeric form of the
IL-18Ra is a candidate therapeutic agent due to
its low affinity. Another member of the IL-1
family (IL-1F), IL-1F7,40 may be the naturally
occurring receptor antagonist of IL-18. IL-1F7
binds to the IL-18Ra chain with a high affinity
but this binding does not recruit the IL-18Rb
chain. The occupancy of the IL-18Ra without
formation of the heterodimer with the IL-18Rb is
the same mechanism by which the IL-1 receptor
antagonist prevents the activity of IL-1. But 
IL-1F7 does not affect the activity of IL-1841,42

and the biological significance of IL-1F7 binding
to the IL-18Ra remains unclear. However, in 
the presence of low concentrations of IL-18BP,
IL-1F7 reduces the activity of IL-18.43

Deficiency in IL-18 and IL-18 receptor 
reveal distinctly opposing phenotypes

An unexpected finding surfaced upon trans-
plantation of islets from IL-18R-deficient mice
into wild-type recipient mice.17 It was antici-
pated that implantation of islets that lack IL-18R
would result in a similar protected phenotype 
to that of IL-18 deficient islets. However, 
graft failure in IL-18R-deficient islets was accel-
erated compared with islets from wild-type
donors.17 Remarkably, the median survival time
of IL-18R-deficient islets grafted into a wild-
type diabetic host was 9 days, whereas the
median survival time of IL-18-deficient islets in
a wild-type host was 14.5 days.17 One explana-
tion is that excess IL-18 from IL-18R-deficient
islets exits into the surrounding host tissue
where it triggers the production of IL-18-
induced injurious mediators. In fact, IL-18R-
deficient islets spontaneously produce twofold
greater IL-18 levels. IL-18R-deficient spleno-
cytes also produced more IL-18 than wild-
type cells. However, isolated IL-18R-deficient
macrophages, although unresponsive to IL-18,
produced more TNF-a than wild-type macro-
phages in vitro. This finding challenges the
underlying assumption that the IL-18R is 
specific to the IL-18 pathway, and prompted
further dissection of the differences between 
IL-18- and IL-18R-deficient cells.

Alternate signaling of IL-18R

The unexpected increase in islet failure,
observed in wild-type mice transplanted with
islets from IL-18R-deficient mice, was associated
with increased spontaneous production of IL-18
from IL-18R-deficient islets and splenocytes, and
of TNF-a from macrophages. Splenocytes from
18R-deficient mice stimulated in vitro by con-
canavalin A (ConA), Toll-like receptor-2 engage-
ment, or by anti-CD3 antibodies consistently
produced more proinflammatory cytokines
compared with wild-type, whereas IL-18-
deficient cells produced less than wild-type.17

For example, IL-18R-deficient splenocytes
released nearly threefold greater TNF-a and
MIP-1a than IL-18-deficient cells upon stimula-
tion by Staphylococcus epidermidis.

The divergence of responses between 
IL-18R- and IL-18-deficient cells is unexplained.
More likely, the data suggest the existence of an
IL-18-independent inhibitory pathway that con-
verges with the IL-18 pathway at the IL-18R.
Accordingly, in cells deficient in the receptor, a
putative inhibitory signal, along with the proin-
flammatory IL-18 signal pathway, is absent.
Gutcher et al. also provided clear evidence that
an IL-18-independent engagement of IL-18R
exists.44 In murine experimental autoimmune
encephalomyelitis (EAE), IL-18-deficient mice
are susceptible to disease progression whereas
IL-18R-deficient mice are protected. As such,
these investigators concluded that there are two
distinct pathways converging on the IL-18R: one
signal requires IL-18 and the other involves an
unknown ligand.

The study comparing islet survival in 
IL-18- and 18R-deficient mice differs from the
EAE model in several aspects. Islets from mice
deficient in IL-18 or IL-18R implanted into a
wild-type animal allows for responses of an
intact immune system to the genetically altered
cells. In the EAE, altered immune system
responses are inherent to the knockout gene.
Additionally, in the transplanted islet, early
responding cells, such as macrophages, most
probably mediate damage; the EAE model pro-
vides insights into mechanisms of cell-mediated,
autoimmune processes. Nevertheless, with 
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striking similarity to data presented here, 
deficiency in IL-18R chain confers an opposite
phenotype to that observed in IL-18 deficiency.

Whether the convergence upon IL-18Ra chain
involves a second ligand or a novel receptor
accessory chain is presently unknown. IL-1F7, a
member of IL-1 family with significant sequence
homology with IL-18, binds to IL-18BP and 
IL-18Ra chain.41,43 Upon binding to IL-18R, 
IL-1F7 does not induce IFN-g production and
exhibits no apparent competition with IL-18.41

The combination of IL-18BP and IL-1F7 results
in greater inhibition of IL-18 activity compared
with IL-18BP alone, conferring on IL-1F7 the
property of a naturally occurring modulator of
IL-18 activity.41 For any signal in the IL-1 family
of receptors to occur, an accessory chain is
recruited, the binding of which in this case
would result in inhibition of IL-18 activity.
Whether the accessory chain is the established
IL-18Rb chain or a novel receptor chain is yet
undetermined. Indeed, it was reported that
mixing IL-1F7 with soluble IL-18Ra and IL-18Rb
chains did not result in a ternary complex, as
formed in the presence of IL-18 and the same
receptor subunits. Therefore, we speculate that
the accessory receptor chain recruited for IL-1F7
is novel. This model provides a mechanism by
which lack of IL-18Ra chain results in the loss of
a negative signal, accompanied by the appear-
ance of a heightened inflammatory response.

IL-18 binding protein

The discovery of the IL-18BP took place during
the search for the extracellular (soluble) receptors
for IL-18 in human urine. Nearly all the soluble
cytokine receptors are found in human urine.45

For example, the TNF p75 soluble receptor, used
widely for the treatment of RA, ankylosing
spondylitis, and psoriasis, was initially purified
and sequenced using ligand-specific affinity
chromatography.46 In searching for IL-18 soluble
receptors, IL-18 was covalently bound to a
matrix and highly concentrated human urine,
donated by Italian nuns, was passed over the
matrix and eluted with acid to disrupt the ligand
(in this case IL-18) for its soluble receptors.
Unexpectedly, instead of the elution of soluble
forms of the cell surface IL-18 receptors, the IL-18BP

was discovered.19 This was due to the higher
affinity of the IL-18BP for the ligand compared
with the soluble receptors.

The IL-18BP is a constitutively secreted 
protein, with a high affinity (400 pM) binding to
IL-18. There is very limited amino acid sequence
homology between IL-18BP and the cell surface
IL-18 receptors; IL-18BP lacks a transmembrane
domain and contains only one Ig-like domain.21,47

IL-18BP shares many characteristics with the 
soluble form of the IL-1 type II receptor in that
both function as decoys to prevent the binding
of their respective ligands to the signaling 
receptor chains.48 In fact, there is limited amino
acid homology between IL-18BP and the IL-1
receptor type II, suggesting a common ancestor.
In humans, IL-18BP is highly expressed in
spleen and the intestinal tract, both immunolog-
ically active tissues.19 Alternate mRNA splicing
of IL-18BP results in four isoforms.19,21 Of con-
siderable importance is that the prominent ‘a’
isoform is present in the serum of healthy
humans at a 20-fold molar excess compared with
IL-18.20 This level of IL-18BP may contribute to a
default mechanism by which a Th1 response to
foreign organisms is blunted to reduce trigger-
ing an autoimmune response to a routine infec-
tion. The promoter for IL-18BP contains two
IFN-g response elements 49 and constitutive gene
expression for IL-18BP is IFN-g-dependent,50 sug-
gesting a compensatory feedback mechanism.
Thus elevated levels of IFN-g stimulate more 
IL-18BP in an attempt to reduce IL-18-mediated
IFN-g production. For example, in mice deficient
in IFN regulatory factor-1, a transcription factor
for IFN-g, low to absent tissue levels of IL-18BP
are found compared with wild-type mice.51 These
IFN regulatory factor-1 deficient mice are exquis-
itely sensitive to colitis but when treated with
exogenous IL-18BP, exhibit reduced disease.52

Viral IL-18BP

The most convincing evidence that IL-18 is a
major player in inflammatory conditions and
that IL-18BP is functional in combating inflam-
mation comes from a natural experiment in
humans. Molluscum contagiosum is a common
viral infection of the skin often seen in children
and in individuals with HIV-1 infection. 
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The infection is characterized by raised but
bland eruptions; there are large numbers of viral
particles in the epithelial cells of the skin but 
histologically there are few inflammatory or
immunologically active cells in or near the
lesions. Clearly, the virus fails to elicit an inflam-
matory or immunological response. A close
amino acid similarity exists between human 
IL-18BP and a gene found in various members of
the Poxviruses. The greatest homology is with
Molluscum contagiosum.19,53,54 The viral genes
encoding for viral IL-18BP have been expressed
and the recombinant proteins neutralize mam-
malian IL-18 activity.53,.54 The ability of viral 
IL-18BP to reduce the activity of mammalian 
IL-18 likely explains the lack of inflammatory
and immune cells in the infected skin and the
blandness of the lesions. One may conclude
from this natural experiment of Molluscum 
contagiosum infection that blocking IL-18 reduces
immune and inflammatory processes such as the
function of DCs and inflammatory cells.

IL-18:IL-18BP imbalance in macrophage-
activating syndrome

Also known as hemophagocytic syndrome,
macrophage-activating syndrome (MAS) is
characterized by an uncontrolled and poorly
understood activation of Th1 lymphocytes and
macrophages. In a study of 20 patients with
MAS secondary to infections, autoimmune dis-
ease, lymphoma, or cancer, the concentrations of
circulating IL-18, IL-18BP, IFN-g, and IL-12 were
determined and matched with clinical parame-
ters. Evidence of stimulation of macrophages and
natural killer (NK) cells was highly increased in
MAS but not in control patients. Most impor-
tantly, concentrations of IL-18BP were only mod-
erately elevated, resulting in a high level of
biologically active free IL-1820 in MAS (4.6-fold
increase compared with controls (p < 0.001).
Others have reported marked expression of 
IL-18 in fatal MAS.55 Free IL-18 but not IL-12
concentrations significantly correlated with clin-
ical status and the biological markers of MAS
such as anemia, hypertriglyceridemia, and
hyperferritinemia, and also with markers of Th1
lymphocyte or macrophage activation such as
elevated concentrations of IFN-g, soluble IL-2,

and TNF receptor concentrations. Therefore,
treatment of life-threatening MAS with IL-18BP
is a logical therapeutic intervention to correct the
severe IL-18:IL-18BP imbalance resulting in Th1
lymphocyte and macrophage activation.

Neutralizing antibodies to IL-18

Although there are no clinical trials of neutralizing
antibodies to IL-18, preclinical studies have
employed IL-18 antibodies to reduce IL-18 
activity in animal models of disease. The results
of these studies are shown in Table 16.1.
Assuming that neutralizing antibodies to 
IL-18 are developed and tested in human 
diseases, what are the anticipated differences
between a neutralizing antibody and a neutraliz-
ing soluble receptor or a binding protein such as
IL-18BP? First, to evaluate such differences, the
agent with the highest affinity is preferable.
From a pharmacokinetic viewpoint, a long 
half-life is preferable. One can increase the 
binding affinity for a ligand by converting a 
soluble receptor or binding protein to a divalent
fusion protein. However, the danger here is 
the increased risk of creating a novel epitope 
for antibody production. The advantage of
mAbs is that they are human and the risk of
developing antibodies to a human antibody is
reduced significantly. At first glance, one would
conclude that high affinity human antibodies to 
IL-18 are preferable to the IL-18BP. However, if
a divalent fusion protein of IL-18BP has a 
high affinity and is not immunogenic, the 
next issue is a comparison of the half-life of a
mAb to that of a fusion protein. Here the issue is
one of safety. A short half-life is preferential for
rapid cessation of therapy in the event of a 
life-threatening infection, whereas long half-life
antibodies exert their effects of suppressing 
host defense for weeks. In fact, the large body of
evidence for comparing infections associated
with anti-TNF-a mAbs (infliximab or adali-
mumab) to the soluble TNF p75 receptor fusion
protein (etanercept) may, in part, be due to dif-
ferences in half-life as well as mechanism of
action.56 In the case of neutralizing IL-18, the
suppression of IFN-g is of concern for host
defense against intracellular organisms such as
Mycobacterium tuberculosis.57
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Blocking IL-18 in disease models

As with any cytokine, its role in a particular 
disease process is best assessed by employing
specific neutralization of the cytokine in a com-
plex disease model. Although mice deficient in
IL-18 have been generated and tested for the
development of autoimmune diseases,58 any
reduction in severity may be due to a reduction
in the immune response such as antigens or the
sensitization process itself and does not address
the effect of IL-18 on established disease. IL-18
neutralization in wild-type mice is effective in
reducing collagen-induced arthritis59 as well as
inflammatory arthritis.15 Inflammatory arthritis
is of particular relevance since this is a model of
cartilage loss due to decreased proteoglycan

synthesis and is independent of IFN-g. IL-18 
contributes to the lupus-like disease in mice60 via
IFN-g production. There are other models based
on a reduction in IL-18 activity in wild-type
mice. Caspase-1-deficient mice provide useful
models for disease6,29 but here the effect may be
on IL-1b, IL-18, or both.

Most investigations initially focused on 
IL-18 in Th1-mediated diseases in which IFN-g
plays a prominent role. However, it soon
became clear that blocking IL-18 resulted in
reduction of disease severity in models where
IFN-g has no significant role or in mice deficient
in IFN-g. For example, IL-18-mediated loss 
of cartilage synthesis in arthritis models is 
IFN-g-independent.15 Prevention of melanoma 
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Table 16.1 Reduction in disease severity with blocking of endogenous IL-18 activity

Disease model Intervention Outcome

Acute DSS-induced colitis anti-IL-18 antibodies9; IL-18BP84
d clinical disease;

d TNFα, IFNγ, IL-1, MIP-1,2
Chronic DSS-induced colitis casp-1 KO8

d IL-1β, IFNγ and CD3 cells
TNBS colitis colitis-induced colitis IL-18BP85

d clinical disease; d cytokines
CD62/CD4 T-cell-induced colitis adenoviral antisense IL-1886

d clinical disease; d mucosal IFNγ
Streptococcal wall-induced arthritis IL-18 antibodies15

D cartilage proteoglycan synthesis
d inflammation;

Collagen-induced arthritis IL-18BP; IL-1859; Ad-viral IL-18BP87
d clinical disease; d cytokines

Collagen-induced arthritis IL-18 deficient mice58
d clinical disease; d cytokines

Graft versus host disease anti-1865
d CD8+-mediated mortality

Lupus prone mice IL-18 vaccination60
d mortality; d nephritis

Allergic airway hyperresponsiveness IL-18 vaccination 88
d bronchocontriction

Experimental myasthenia gravis anti- IL-1889
d clinical disease

Autoimmune encephalomyelitis casp-1 KO90; casp-1 inhibition90
d clinical disease; d IFNγ

Con-A-induced hepatitis anti-1891; IL-18BP27; IL-18BP-Tg92
d liver enzymes

Fas-mediated hepatic failure IL-18 deficient mice93; IL-18BP27
d liver necrosis

Pseudomonas exotoxin-A hepatitis IL-18BP27
d liver enzymes; d IFNγ

IL-12-induced IFNγ anti-1894; casp-1 KO94
d IFNγ

Endotoxin-induced IFNγ anti-181, 95; IL-18BP19, 27; casp-1 KO d IFNγ
LPS-induced hepatic necrosis anti-IL-18 monoclonal 1, 95; IL-18BP27

d necrosis; d TNFα;  d FasL
LPS -induced lung neutrophils IL-1895

D survival; d myeloperoxidase
Melanoma hepatic metastasis IL-18BP 16, 96

d metastatic foci; d VCAM-1
Ischemia-induced hepatic failure anti-1897

d apoptosis; d NFκB
Ischemia-induced acute renal failure anti-IL-18 polyclonal 29; casp-1 KO29

d creatinine; d urea
Ischemic myocardial dysfunction IL-18BP28; casp-1 inhibition28

D myocardial contractility
LPS-induced myocardial suppression anti-IL-18 polyclonal 72

D heart contractility; d ΙL-1β
Atherosclerosis in ApoE KO mice IL-18BP77

d plaques; d infiltrates
D vessel collagen

Islet allograft rejection IL-18 deficient 17
d rejection
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metastases is IL-18-dependent but IFN-g-
independent,16 and similar findings exist for
ischemia-reperfusion injury in the heart, kidney,
and liver. Table 16.1 lists various animal models
of Th1-, Th2-, and non-immune-mediated disease
where the effect of reducing endogenous IL-18
activities has been reported.

IL-18 in Th1-like diseases

In driving the Th1 response, IL-18 appears to act
in association with IL-12 or IL-15, as IL-18 alone
does not induce IFN-g. The effect of IL-12 is, in
part, to increase the expression of IL-18 receptors
on T lymphocytes, thymocytes, and NK
cells.7,61,62 It appears that the role of IL-18 in the
polarization of the Th1 response is dependent on
IFN-g and IL-12 receptor b2 chain expression. The
production of IFN-g by the combination of IL-18
plus IL-12 is an example of true synergism in
cytokine biology, similar to the synergism of IL-1
and TNF-a in models of inflammation. Since 
IFN-g is the ‘signature’ cytokine of CD4+ and
CD8+ T cells as well as NK cells, a great deal of the
biology of IL-18 is considered to be due to IFN-g
production. DCs deficient in the IFN-g transcrip-
tion factor T bet exhibit impaired IFN-g produc-
tion after stimulation with IL-18 plus IL-12.63

IL-18 is constitutively present in monocytes 
and monocyte-derived type 1 DCs. Thus, IFN-g
induced by the combination of IL-12 plus 
IL-18 appears to be via the T bet transcription
factor.

Graft versus host disease

IFN-g plays a major pathological role in this 
disease due to its Th1-inducing properties and
the generation of cytotoxic T cells. Using a cohort
of 157 patients who received unrelated donor
bone marrow transplantation and developed
GVHD, a polymorphism in the IL-18 promoter
(G137C, C607A, G656T) was identified and asso-
ciated with statistically significantly decreased
risk of death.64 One hundred days after the trans-
plant, the mortality in patients with this poly-
morphism was 23% compared with 48% in those
patients without the polymorphism and after 
1 year the mortality was 36% versus 65%, respec-
tively. The probability of the survival was
twofold in patients with this haplotype.64 In the
case of GVHD in mice, paradoxical effects of 
IL-18 have been reported depending on whether
the disease is CD4+ or CD8+ T-cell-mediated. In
humans, T cells are responsible for the disease
following allogeneic bone marrow transplanta-
tion. Administration of IL-18 to recipient mice
increased survival in CD4+-mediated disease but
resulted in worsening in the CD8+-mediated 
disease.65 Neutralizing anti-IL-18 mAbs signifi-
cantly reduced CD8+-mediated mortality.65

Administration of IL-18 reduces the severity of
the disease by inducing the production of Th2
cytokines.66 The importance of IL-18 in GVHD
was also demonstrated in mice deficient in the
IL-18 receptor a chain (Table 16.2). Other models
of disease in mice deficient in this receptor chain
are listed in Table 16.2.
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Table 16.2 Studies on IL-18 receptor deficient mice1

Model Observation Reference

Th1 response d IFNγ production; d cytotoxicity 98
IL-18/IL-2-induced lung injury d lethality 99
Graph vs. Host Disease d disease severity 100
Lupus-prone mice d disease lethality; d nephritis 101
NK-mediated cytotoxicty in vivo2

d cytotoxicty 102
dextran sulphate sodium colitis D disease and lethality 103
Islet allograft rejection D rejection 17

1 Unless stated otherwise, IL-18 receptor deficient mice lack the IL-18Rα chain.
2 Mice are deficient in IL-18 receptor beta chain
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IL-18 and Th2 diseases

The combination of IL-18 plus IL-12 suppresses
IgE synthesis via IFN-g production and suggests
a role for IL-18 in Th2 polarization. For example,
in models of allergic asthma, injecting IL-12 plus
IL-18 suppresses IgE synthesis, eosinophilia, and
airway hyperresponsiveness, as reviewed by
Nakanishi et al.7 In contrast, the administration
of IL-18 alone enhanced basophil production of
IL-4 and histamine and increased serum IgE
levels in wild-type and IL-4-deficient mice.67

Overexpression of mature IL-18 in the skin
results in worsening of allergic and non-allergic
cutaneous inflammation via Th2 cytokines.68

Mice overexpressing IL-18 or overexpressing
caspase-1 develop an atopic-like dermatitis with
mastocytosis and the presence of Th2 cytokines.
Elevated serum IgE was also present in these
mice.69 Although IL-18 remains a Th1 cytokine,
there are increasing reports showing a role for
IL-18 in promoting Th2-mediated diseases.70

Upon neutralization of IL-18 in cocultures of
type 1 DCs with allogeneic naive T lymphocytes
the Th1/Th2 phenotype was not affected,
whereas anti-IL-12 down-regulated the Th1
response.71 In fact, IL-18 receptors were
expressed on DCs of the type 2 lineage, suggesting
a Th2 response.71

IL-18 and the heart

Unexpectedly, IL-18 is an important cytokine in
myocardial ischemia reperfusion injury, a model
of acute infarctions, where it functions to decrease
the contractile force of the heart. It appears that
the role of IL-18 in myocardial dysfunction is
independent of IFN-g but likely related to the
induction of FasL. Human heart tissue contains
preformed IL-18 in macrophages and endothe-
lial cells.28 Upon reducing IL-18 activity with
either IL-18BP or a caspase-1 inhibitor, the func-
tional impairment of the ischemia-reperfusion
injury was reduced.28 A neutralizing anti-IL-18
polyclonal antibody resulted in near prevention
of endotoxin-induced myocardial suppression
in mice and myocardial IL-1b levels were also
reduced.72 Using caspase-1-deficient mice sub-
jected to ligation of the left anterior decending
coronary artery as a model for myocardial
infarction, significantly lower mortality was

observed in the deficient mice compared with
the wild-type mice.73 Caspase-1-deficient mice
also had lower levels of IL-18, metalloproteinase
(MMP)-3 activity, and myocyte apoptosis following
the injury. In humans, myocardial tissue steady-
state levels of IL-18, IL-18Ra chain, and IL-18BP
mRNA and their respective protein levels were
measured in patients with end-stage heart fail-
ure. Circulating plasma and myocardial tissue
levels of IL-18 were increased in the patients
compared with age-matched healthy subjects.74

However, mRNA levels of IL-18 BP were
decreased in the failing myocardium. In fact,
plasma IL-18 levels were significantly higher in
patients who died compared with levels in 
survivors.74

There is increasing evidence that IL-18 con-
tributes to atherosclerosis. Unlike the IFN-g-
independent role of IL-18 in ischemic heart
disease, the atherosclerotic process involves
infiltration of the arterial wall by macrophages
and T cells and IFN-g has been identified in 
the plaque and considered essential for the 
disease.75 Human atherosclerotic plaques from
the coronary arteries exhibit increased IL-18 and
IL-18 receptors compared with non-diseased
segments of the same artery.76 The post-caspase-1
cleavage IL-18 was found to colocalize with
macrophages, whereas IL-18 receptors were
expressed on endothelial and smooth muscle
cells. The localization of IL-18 and IL-18 recep-
tors in smooth muscle cells is an unexpected but
important finding for the pathogenesis of ather-
osclerosis.75,76

Atherosclerotic arterial lesions with infiltrat-
ing, lipid-laden macrophages as well as T cells
develop spontaneously in male apolipoprotein 
E (apoE)-deficient mice fed a normal diet. When
injected for 30 days with IL-18, these mice exhib-
ited a doubling of the lesion size without a
change in serum cholesterol.75 There was also a
fourfold increase in infiltrating T cells. However,
when apoE-deficient mice were back-crossed
into IFN-g-deficient mice, the IL-18-induced
increase in lesion size was not observed.75

Although exogenous administration of IL-18
worsened the disease, such an experimental
design can be related to the dose of IL-18.
Therefore, reduction of natural levels of IL-18 in
the apoE-deficient mice is a more rigorous
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assessment for a role of IL-18 in atherosclerosis.
Using apoE-deficient mice and overexpression
of IL-18BP by transfection with an IL-18BP-
containing plasmid, reduced numbers of infil-
trating macrophages and T cells as well as
decreases in cell death and lipid content of the
plaques were found.77 In addition, increases in
smooth muscle cells and collagen content sug-
gested a stable plaque phenotype with preven-
tion of progression in this well-established
model of human coronary artery disease.

IL-18 and renal ischemia

Like myocardial ischemia-reoxygenation, there
is an unexpected role in renal ischemia for 
IL-18, which is independent of T cells and 
IFN-g. Clinically, loss of renal function in patients
with septic shock contributes to mortality sig-
nificantly. IL-18 was measured in patients with
acute renal failure as well as patients with poor
renal function. There was a remarkably high
level of urinary IL-18 compared with other
renal diseases (p < 0.001).78 IL-18 was also ele-
vated in the urine of patients with delayed
function of cadaveric transplants.78 The conclu-
sion of the study was that urinary IL-18 is a
marker for proximal tubular injury in acute
renal failure.

In a large clinical study in intensive care units
(ICUs), the level of IL-18 in the urine of patients
correlated with the development of renal failure
more than creatinine as a predictor of impending
renal failure.79 More impressively, based on 
IL-18 urine levels, it was possible to predict 
mortality in the ICU by 48 hours, a time period
nearly 2 days before other indicators of impend-
ing death. These findings in humans are consis-
tent with animal studies. Using a reversible
model of acute renal failure, mice deficient in
caspase-1 were protected29 which was due to
impaired processing of the IL-18 precursor by
caspase-1. Furthermore, wild-type mice were
also protected by a preinfusion of neutralizing
anti-IL-18 polyclonal antibodies.29 Protection
was not afforded by administration of the IL-1
receptor antagonist and therefore the model
reflects the role of IL-18 rather than IL-1b pro-
cessing. Although the mechanism for the role of
IL-18 in causing acute renal failure remains

unclear, it is not related to a decrease in neu-
trophilic infiltration.

Cardiopulmonary bypass often results in
acute renal failure. In 20 patients who developed
acute renal failure following bypass surgery,
serial urine samples were evaluated for IL-18
levels and compared to 35 matched control
patients also undergoing cardiopulmonary
bypass but without acute renal injury. Acute
renal injury was defined as an increase in serum
creatinine of 50% or greater. The findings were
remarkable in that elevated creatinine levels
occurred 48–72 hours after bypass surgery
whereas urine IL-18 was statistically significantly
increased 4–6 hours after the end of surgery.80

Peak levels of urinary IL-18 were 25-fold greater
12 hours after surgery and remained elevated for
48 hours. Multivariate analysis of elevated urinary
IL-18 and urinary neutrophil gelatinase-associated
lipocalin, also elevated 25-fold early in acute
renal failure, revealed that these two markers
were independently associated with number of
days of acute renal injury. These studies suggest
that that elevated urinary IL-18 levels predict
acute renal injury after bypass surgery and may
be used as a reliable biomarker rather than
serum creatinine.80

IL-18 deficiency triggers overeating, 
obesity, and insulin resistance

Although mice deficient in IL-18 are resistant to
various exogenous challenges, an unexpected
observation was that as mice aged, they gained
significantly more weight than wild-type control
mice. By 6 months of age, IL-18-deficient mice
were 18.5% heavier than age-and sex-matched
wild-type mice, and by 12 months they were
38.1% heavier.81 The difference in weight was
due to more body fat. Basic metabolic rate and
core temperature were not different between the
two strains but increased food intake accounted
for the weight gain. Not unexpectedly, leptin
levels were higher in the IL-18-deficient mice
and leptin levels correlated with body weight
but there was no evidence that fat mice deficient
in IL-18 were resistant to leptin.81 IL-6 levels
were similar in the two groups. The islets of the
IL-18-deficient mice exhibited normal architec-
ture but were larger than those of wild-type mice.
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Histological examination of major organs did
not reveal significant difference but the aorta of
the IL-18-deficient mice contained lipid deposits
characteristic of atherosclerosis.81

Mice deficient in IL-18 at 6 months of age
exhibited elevated fasting glucose compared
with wild-type controls, although at 3 months of
age there were no differences between the two
groups. Glucose tolerance testing was abnormal
in the IL-18-deficient mice and consistent with
insulin resistance. Mice deficient in the a chain
of the IL-18 receptor also exhibited similar
increases in weight at 6 months as well as ele-
vated plasma fasting glucose and insulin resist-
ance. In addition, mice overexpressing the
natural inhibitor of IL-18, IL-18BP, over-ate,
gained weight, and were hyperglycemic.81 The
administration of recombinant murine IL-18 to
the IL-18-deficient mice reversed insulin resist-
ance. The rise in glucose was prevented by the
administration of recombinant IL-18 to either 
the wild-type or the IL-18-deficient mice but not
the IL-18 receptor-deficient mice.

The mechanism for the increased eating in
mice deficient in IL-18, deficient in the IL-18
receptor, or in transgenic mice overexpressing
the IL-18BP, appears to be a defect in the control
of food intake by the hypothalamic satiety
center. Insulin resistance in the liver and muscle
were due to the obese condition. Of importance
is the observation that unlike IL-1b, IL-18 does
not cause fever10,82 and does not induce COX-2.13

Phosphorylation of STAT3 was defective in mice
deficient in IL-18. Nevertheless, recombinant 
IL-18 administered intracerebrally inhibited
food intake and, in addition, recombinant IL-18
reversed hyperglycemia in mice deficient for 
IL-18, through activation of STAT3 phosphory-
lation.81 Hepatic genes for glucose neogenesis
were increased in mice deficient in IL-18, possi-
bly due to the phosphorylation of STAT3. In
mice deficient for IL-18, there was less constitu-
tive phosphorylation of STAT3 in the liver. Since
IL-18 is constitutively expressed in health in
mice and humans,83 the decrease in STAT3 phos-
phorylation may be due to the lack of IL-18 in
these mice. These findings indicate a new role of
IL-18 in the homeostasis of energy intake and
insulin sensitivity.
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OVERVIEW

Interleukin-21 (IL-21) is a four a-helical bundle
type I cytokine that is produced by CD4+ T cells
and has actions on T, B, natural killer (NK), and
myeloid cells.1,2 IL-21 binds to a receptor that
comprises IL-21R and the common cytokine
receptor g chain, gc, the protein that is mutated in
patients with X-linked severe combined immuno-
deficiency (XSCID).1,3 In XSCID, T cells and 
NK cells are absent or profoundly decreased in
number and B cells are present but not func-
tional. gc is also a component of the receptors for
IL-2, IL-4, IL-7, IL-9, and IL-15 (Figure 17.1). 
The actions of all six gc family cytokines are 
summarized in Table 17.1. The defective 
T-cell and NK-cell development are due sub-
stantially to defective signaling by IL-7 and 
IL-15, respectively. We discuss herein that IL-21
is important for T, B, NK, and myeloid cell biol-
ogy. Interestingly, depending on the target cell
and stimulation context, IL-21 can be pro-apop-
totic or can promote the differentiation and/or
proliferation of target cells. In particular, IL-21
can potently augment T-cell proliferation and
the expansion of CD8+ T cells, can drive B-cell
differentiation to memory cells and terminally
differentiated plasma cells, has anti-tumor

actions, and is implicated as playing a role in the
development of autoimmunity. As such, IL-21 is
a pleiotropic cytokine with diverse immunomod-
ulatory actions. Although more development is
needed, based on animal studies, IL-21 has the
potential to be of clinical importance, where either
increasing or decreasing its activities may be thera-
peutically useful depending on the clinical 
setting.

STRUCTURAL FEATURES OF 
THE IL-21/IL-21R SYSTEM

The IL-21 binding protein was first identified as
a novel type I cytokine receptor that was discov-
ered based on either genomic4 or EST-based
sequencing efforts.5 Originally, it was also
denoted as ‘NILR’ for novel interleukin receptor.4

Based on its sequence, the protein was predicted
to be a typical type I cytokine receptor contain-
ing four conserved cysteine residues and a
WSXWS motif with an amino acid sequence that
was most similar to the IL-2 receptor b chain. The
IL-21R gene is located on human chromosome 16
and mouse chromosome 7 immediately down-
stream of the IL-4R gene. The ligand for this
novel receptor protein was identified based on
expression cloning5 and found to be most similar
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Figure 17.1 IL-21 belongs to the gc family of cytokines. Receptors in this family are composed of the common cytokine recep-

tor g chain as well as a receptor-specific chain. In the case of the IL-2 or IL-15 receptors , affinity is modulated by the presence

or absence of a third chain, IL-2Ra or IL-15Ra.

Table 17.1 The actions of the six gc family cytokines

Cytokine Receptor CD4 T cell CD8 T cell B cell NK cell Myeloid cell

IL-2 gc, IL2Rb, Proliferation, Th2 Proliferation Proliferation, Augments Augments 
IL2Ra differentiation, Ig production cytotoxic neutrophil 

peripheral T activity activation
reg survival

IL-4 gc, IL-4Ra or Th2 Tc2 Proliferation, Macrophage,
IL-13Ra differentiation differentiation isotype switch, basophil 
and IL-4Ra plasma cell differentiation

differentiation
IL-7 gc, IL-7Ra Development, Development, Development Development or 

homeostasis homeostasis (in the mouse) homeostasis

IL-9 gc, IL-9Ra Proliferation Proliferation Maturation Mast cell 
development

IL-15 gc, IL-2Rb, Proliferation Homeostasis, Proliferation, Mast cell growth
IL-15Ra memory, cytotoxic 

cytotoxic activity
function

IL-21 gc, IL-21R Proliferation, Proliferation, Proliferation, Proliferation, Suppresses 
cytokine cytokine isotype switch, cytotoxic antigen-
induction induction, plasma cell activity presenting 

cytotoxic differentiation function
function of DCs
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to IL-2, IL-4, and IL-15, which – along with IL-7
and IL-9 – share the common cytokine receptor 
g chain, gc, as a critical receptor component.6

Correspondingly, the IL-21 receptor contains 
IL-21R + gc.7,8 As gc is encoded by the gene that is
mutated in humans with XSCID,9 it was pre-
dicted that defects in IL-21-mediated signaling
might contribute to the defective lymphoid
development and function in this disease.

Proximal signal transduction by IL-21 is simi-
lar to that for other gc family cytokines in that it
activates the Janus family tyrosine kinases, Jak1
and Jak3 (Figure 17.2), with Jak1 binding to 
IL-21R4 and Jak3 binding to gc.1,10 These kinases in
turn mediate IL-21-dependent activation prima-
rily of STAT1 and STAT3 and to a lesser degree
STAT5a and STAT5b.4,5,11–13 This STAT protein
activation profile distinguishes IL-21 from other
gc-dependent cytokines that primarily activate

either STAT5a and STAT5b (IL-2, IL-7, IL-9, and
IL-15)1,14 or STAT6 (IL-4).15,16

REGULATION OF EXPRESSION 
OF IL-21 AND THE IL-21R

IL-21 is produced by CD4+ T cells.5 The IL-21R is
known to be expressed on T, B, and NK cells,
some myeloid cells, and on keratinocytes.4,5,17–20

Within the lymphoid lineages, IL-21R expression
is developmentally regulated. In the developing
T-cell lineage, IL-21R appears as thymocytes
transition from the immature CD4-CD8- double
negative stage to the CD4+CD8+ double positive
stage and then increases in density on the 
most mature CD4+ and CD8+ single positive 
thymocytes.17 A specific role for IL-21 in the
process of thymic development remains to be
determined, although the normal development
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of thymocytes in IL-21R knockout (KO) mice21

suggests that this may be a redundant role.
Within the B-cell lineage, IL-21R is also develop-
mentally regulated, with receptor appearing as
cells progress from the pro-B-cell stage to the
immature B220highIgMlow B-cell stage.17 Although
naïve peripheral T cells and B cells express
detectable IL-21R, levels of expression are
increased by signals through either the T-cell
antigen receptor or the B-cell antigen recep-
tor.17,22 In the case of human T cells, induction of
IL-21R mRNA levels is regulated in part by 
T-cell receptor (TCR) induced expression and
dephosphorylation of the transcription factor
Sp1.22 IL-21R expression levels are also regulated
by cytokine signals; interferon (IFN)-a reduces
levels of IL-21R mRNA in both T cells and 
NK cells,23 whereas IL-21 can increase IL-21R
mRNA levels in T cells,24 thus providing a mech-
anism for amplification of IL-21R signaling by
IL-21 itself.

Although the genes encoding IL-21 and IL-2
are adjacent to each other, the regulation of IL-21
production in CD4+ T cells differs from that of
IL-2. Both cytokines are strongly induced by
TCR signaling, but IL-21 can be induced by a cal-
cium signal alone in human preactivated T cells,
in contrast to IL-2 whose induction in these cells
requires both a calcium signal and a signal
through protein kinase C.25 Nuclear factor of
activated T cells (NFAT) binding sites have been
identified as playing a role, in conjunction with
other factors, in the transcriptional activation of
the IL-21 gene.25,26 The different mode of induc-
tion of IL-21 and IL-2 implies that they may play
temporally distinct roles in the regulation of the
immune response.

IL-21 EFFECTS ON CD4+ T CELL
DIFFERENTIATION

Although it is known that IL-21 is produced by
CD4+ T cells in response to specific antigen 
signals, the full range of its functional effects on
naïve and activated CD4+ T cells remain to be
delineated. Evaluation of IL-21R KO mice
revealed no abnormalities in either thymic or
peripheral CD4+ T-cell numbers or proliferative
responses,21 suggesting that any developmental
or proliferative effects that IL-21 may have on

the CD4+ T-cell lineage are redundant with those
of other cytokines. In addition to the absence of
developmental effects for CD4+ T cells in IL-21R
KO mice, there were no differences in the levels
of IFN-g or IL-4 produced by either wild-type or
IL-21R KO CD4+ T cells in response to anti-CD3
stimulation.21 Although in vitro experiments
demonstrated that IL-21 could costimulate the
proliferation of anti-CD3 activated peripheral 
T cells,5 it is likely that these proliferative effects
were primarily on the CD8+ T cells, as naïve
CD4+ T cells exhibit very little proliferation in
response to IL-21.24 The presence of IL-21 in 
cultures of total splenocytes also had no effect on
the production of Th1- or Th2-type cytokines.27

Several laboratories have examined the T-
helper subset-specific expression of IL-21 and
obtained distinct and ostensibly inconsistent
results. For example, DNA array analysis of
expression in Th1- and Th2-polarized CD4+

T cells from human peripheral blood revealed
IL-21 mRNA in Th1 but not in Th2 cells.28

Nevertheless, IL-21 mRNA is expressed in a dis-
tinctive population of follicular CD4+ T cells
with a non-Th1/Th2 phenotype that function in
B-cell help.28 Although another study reported
that IL-21 mRNA is produced by Th2- but not
Th1-polarized murine CD4+ T cells,29 we repro-
ducibly find IL-21 mRNA to be expressed by
both Th1 and Th2 CD4+ T cells polarized in vitro
as well as in CD4+ T cells that are strongly Th1-
polarized in vivo (unpublished results). Although
inclusion of IL-21 during the process of Th1
polarization was reported to reduce production
of IFN-g but not other Th1-type cytokines, IL-21
had no such inhibitory effect on fully polarized
Th1 cells,29 suggesting that it may play a role in
precursor commitment. The delayed-type
hypersensitivity (DTH) response is a classic Th1-
mediated reaction: IL-21R KO mice exhibited
stronger DTH responses and produced more
IFN-g than wild-type mice, implying a potential
role for IL-21 in the down-regulation of these 
in vivo Th1 responses.29 Nevertheless, another
study showed that IL-21 could induce a number
of genes involved in Th1 responses, including
IFN-g, IL-12Rb2 and T bet.12 Although more
work is needed to clarify the lineage-specific
expression and function of IL-21 for CD4+ T cells,
the overall data indicate that IL-21 can be 
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produced by both Th1 and Th2 cells (Figure 17.3),
in part influenced by the specific experimental
setting.

IL-21 CONTROLS CD8+ T CELL 
HOMEOSTASIS AND FUNCTION

CD8+ T-cell homeostatic proliferation is regu-
lated in vivo by both IL-7 and IL-15.30,31 It is now
clear that IL-21 plays important roles in the reg-
ulation of both the proliferation and function of
CD8+ T cells. In the absence of a T-cell receptor
signal, although IL-21 alone has no significant
effect on in vitro CD8+ T-cell proliferation, it has
a strong synergistic effect on proliferation in
combination with either IL-7 or IL-15 in vitro.24

Significantly, both naïve and memory pheno-
type CD8+ T cells can be expanded by the syner-
gistic effect of IL-21 and IL-15, implying a
potential role for IL-21 in both the induction
phase and the memory phase of an immune
response (Figure 17.4). Gene array analysis of
CD8+ T cells treated with either IL-21, IL-15, or
the combination of these two cytokines revealed
sets of genes that are either induced or repressed
by the individual cytokines. Importantly, it also
identified a set of genes that is induced or
repressed only by the combination of IL-21 and
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IL-15, suggesting a possible molecular basis for
the synergistic actions of these cytokines.24

Additionally, IL-15 was found to up-regulate
expression of the IL-21 receptor on CD8+

T cells,32 thus enhancing the responses of naïve
cells to IL-21 signals.

In contrast to the lack of proliferative
responses of naïve CD8+ T cells to IL-21 alone,
this cytokine has a significant effect on the 
in vitro expansion of antigen-primed CD8+

T cells. As compared with cells activated by pep-
tide in the absence of IL-21, IL-21 led to a 20-fold
expansion of human melanoma-specific T cells
and also led to the generation of a population of
high affinity antigen-specific CD8+ T cells that
exhibit enhanced cytolytic activity.33 Although
IL-21 strongly enhances proliferative responses
of antigen-primed naïve CD8+ T cells, it has no
effect on the proliferation of antigen-primed
memory phenotype CD8+ T cells,33 suggesting a
greater role for IL-21 in priming. Interestingly,
among the gc-dependent cytokines, IL-21 uniquely
can increase the expression of the CD28 costim-
ulatory molecule on CD8 T cells.32,33 Although
IL-15-mediated proliferation leads to down-
regulation of CD28, this down-regulation can be
prevented by the inclusion of IL-21, suggesting a
potential mechanism for the increased antigen
responsiveness of IL-21-primed CD8+ T cells.

The specific role of IL-21 in the generation of
a primary CD8+ T-cell immune response or in the
maintenance of a CD8+ T-cell memory response
remains to be fully delineated. Although IL-21R
KO mice exhibit normal generation of both
thymic and peripheral CD8+ T cells, these mice
have significantly lower primary CD8+ T-cell
responses to a vaccinia virus-encoded antigen,24

suggesting a role for IL-21 either in the antigen-
priming phase or in the expansion phase of this
immune response.

In accord with these effects of IL-21 on the
development of a functional CD8+ T-cell response,
IL-21 plays a role in anti-tumor responses. 
A comparative study of the effects of IL-2, IL-15,
and IL-21 on CD8+ T-cell-mediated anti-tumor
responses demonstrated that IL-21 could lead to
tumor rejection and long-term survival of the
host, even when administered after full tumor
development.34 In these anti-tumor responses,
IL-21 is most effective at inducing a persistent 

in vivo cytotoxic T-lymphocyte (CTL) population,
in part due to reduced in vivo apoptosis of the
CTL population. The molecular mechanism for
this increased persistence of tumor antigen-
specific CD8+ T cells remains to be determined.
The synergistic effects of IL-15 and IL-21 on
CD8+ T-cell proliferation and function also have
been confirmed in an in vivo system in which
mice with large established melanomas are
treated with adoptively transferred tumor-
specific CD8+ T cells, followed by treatment of
the mice with cytokine.24 The combination of 
IL-15 and IL-21 treatment results in the regres-
sion of a subset of these melanomas that is
accompanied by the synergistic expansion of
tumor-specific CD8+ T cells.

ANALYSIS OF IL-21R KO MICE: 
ROLE OF IL-21 IN B-CELL FUNCTION

IL-21R KO and wild-type mice have similar
numbers of both immature and mature B cells,
and mature B cells from both IL-21R KO and
wild-type mice manifest equivalent proliferation
in response to LPS or to treatment with anti-
CD40 plus anti-IgM.21 Thus, IL-21 signaling does
not play an essential and non-redundant role for
B-cell development or proliferation. However,
IL-21 can influence B-cell function in a manner
that depends on costimulatory signals. For
example, IL-21 can promote the proliferation of
B cells stimulated with anti-CD40, but it inhibits
proliferation in B cells stimulated via the B-cell
receptor plus IL-4.5 The basis for these differential
effects of IL-21 remains unknown.

Interestingly, an analysis of immunoglobulin
levels revealed that naïve IL-21R KO mice
exhibit lower levels of serum IgG1 but signifi-
cantly higher levels of serum IgE than do wild-
type mice, and immunization of these mice with
T-cell-dependent antigens such as ovalbumin or
keyhole limpet hemocyanin resulted in much
lower levels of antigen-specific IgG1, IgG3, and
IgG2b, as well as higher levels of IgE than are
induced in wild-type mice.21 The higher levels of
IgE in the IL-21R KO mice were unexpected in
light of the fact that the IL-21R KO mice do not
show increased production of IL-4, which is
known to be responsible for switching to the IgE
isotype.35 Moreover, it is unusual and perhaps
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unprecedented to find reduced IgG1 in a situa-
tion where IgE levels were increased, as these
isotypes are usually regulated in parallel by IL-4.

Consistent with elevated IgE levels in IL-21R
KO mice, IL-21 injection into mice during the
course of antigen immunization diminishes 
antigen-specific IgE levels.27 This is consistent
with the observation that IL-21 inhibits the
induction of germ-line Ce transcripts by LPS plus
IL-4, suggesting a molecular mechanism by
which IL-21 regulates IgE levels.27 Interestingly,
in vitro experiments with human peripheral
blood B cells reveal that whereas IL-21 can
inhibit the induction of IgE by mitogen- and IL-4-
stimulated-cells, it increases IgE production in 
B cells stimulated with CD40 plus IL-4 signals.36

Thus, the ability of IL-21 to influence IgE pro-
duction also appears to be dependent on the spe-
cific costimulatory signals received by the B cell
at the time of IL-21 exposure.

Although enhanced levels of IgE in the IL-21R
KO mice suggest a negative regulatory role for
IL-21 in IgE production, IL-4/IL-21R double 
KO (DKO) mice cannot produce antigen-specific
IgE, indicating that the enhanced IgE levels in
the IL-21R KO are indeed still dependent on 
IL-4.21 Surprisingly, the levels of IgG1, IgG2a,
IgG2b, and IgG3 are also essentially absent in
the DKO mice as compared with either IL-4 or
IL-21R KO mice, and IgM levels are also greatly
reduced. Thus, the IL-4/IL-21R DKO mice
exhibit a pan-hypogammaglobulinemia, suggest-
ing that IL-21 and IL-4 have an important coop-
erative role in the regulation of immunoglobulin
production.

IL-4 AND IL-21 TOGETHER APPEAR TO EXPLAIN
THE B-CELL DEFECT IN HUMAN XSCID

The B-cell phenotype in these IL-4/IL-21R DKO
mice is reminiscent of that observed in humans
with XSCID. This suggests that the loss of signal-
ing by IL-4 and IL-21 is responsible for the B-cell
phenotype in humans with XSCID. XSCID
patients lack T and NK cells but normal numbers
of B cells develop. Mice lacking gc expression lack
not only T and NK cells, but also B cells as a
result of the critical role of IL-7 signaling for 
B-cell development in mice. In contrast, in humans,
IL-7 is not essential for B-cell development. In the

IL-4/IL-21R DKO mice, because IL-7 signaling is
intact, B cells could develop, allowing us to
observe the effect of eliminating IL-4 and IL-21.
Given the panhypogammaglobulinemia in the
IL-4/IL-21R DKO mice, it appears that these 
are the dominant gc cytokines responsible for the
B-cell defect in human XSCID.

IL-21 IS A CRITICAL REGULATOR OF 
IG PRODUCTION EVEN THOUGH IT IS 
PRO-APOPTOTIC

One of the most puzzling findings concerning
IL-21 is its pro-apoptotic activity for B cells 
in vitro. This pro-apoptotic activity is modulated
by the specific B-cell costimulatory signals, such
that IL-21 induces a high level of apoptosis in 
B cells stimulated with either lipopolysaccharide
(LPS) or anti-IgM, and significantly less apopto-
sis when stimulated with anti-CD40.17,37,38 An
increase in the pro-apoptotic factor, Bim, has
been suggested to play a mechanistic role in the
apoptotic activity of IL-21 on B cells.17 The find-
ing that IL-21 is pro-apoptotic is surprising in
light of the anti-apoptotic activity of other 
gc-dependent cytokines such as IL-2 and IL-7.39,40

Most importantly, the pro-apoptotic activity
seems inconsistent with the results from the
IL21R KO mice, indicating a crucial role for 
IL-21 in the generation of the immunoglobulin
response.

To study IL-21 in vivo, we have used IL-21
transgenic mice and wild-type mice hydrody-
namically transfected with IL-21 plasmid
DNA.38 In both cases, IL-21 can indeed induce
apoptotic events in the naïve mature B-cell pop-
ulation, based on staining with annexin V, con-
firming the in vitro findings.38 Surprisingly, in
spite of the induction of apoptosis, in both the
IL-21 transgenic and the IL-21 plasmid-injected
mice, there is an increase in total B-cell numbers
in vivo, rather than a decrease, with an increase
in immature B cells, little if any change in mature
B cells, and a marked increase in the generation
of both post-switch B cells (B cells that no longer
express IgD or IgM but instead express surface
IgG) and plasma cells.38

The increase in plasma cells in IL-21 trans-
genic mice correlated with increased levels of
serum IgM and IgG1, and correspondingly
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higher numbers of surface IgG1+ cells, demon-
strating the functionality of these cells.38 IL-21
has also been shown to induce plasma-cell dif-
ferentiation in human B cells, including post-
switch memory cells and naïve cord blood 
B cells, which typically are poorly responsive 
in vitro.41 Isotype switching to IgG1 and IgG3 is
also induced by IL-21 in human B cells.42

Interestingly, although IL-21 and IL-4 cooperate
in the generation of the antibody response based
on studies with IL-4/IL-21R DKO mice, IL-4 and
IL-21 can also exert reciprocal effects on the gen-
eration of post-switch cells in vitro, with IL-4
decreasing the numbers of IL-21-induced IgG1+

cells in the case of both murine and human 
B cells.38,41 Moreover, whereas IL-4 is the classic
inducer of CD23 (FceRI) expression on B cells,
IL-21 is a potent repressor of CD23 expression
on mature B cells.38 The positive effects of IL-21
on immunoglobulin production can be explained
by the observation that IL-21 can induce expres-
sion of Blimp-1,38 a transcription factor known to
function as a master switch for the plasma cell
program.43 Surprisingly, IL-21 also induced 

Bcl-6 mRNA and protein expression, in spite of
the fact that Blimp-1 and Bcl-6 are each known to
inhibit expression of the other protein and to
lead to execution of either a plasma cell or a ger-
minal center program in B cells.43 It is possible
that Blimp-1 and Bcl-6 are both induced by IL-21
but within different individual cells rather than
being co-expressed.

A major goal is to understand the specific
stage of the immune response at which IL-21
would preferentially promote apoptosis versus
B-cell differentiation. The collective data suggest
that in the absence of a T-cell signal, such as that
provided by anti-CD40, IL-21 exerts a relatively
weak signal for B cells stimulated through the 
B-cell receptor, with anti-IgM and in fact inhibits
proliferation of cells stimulated with anti-IgM plus
IL-4. However, when T-cell costimulation and 
B-cell receptor signals are combined, IL-21 has
potent costimulatory effects on both B-cell pro-
liferation and function (Figure 17.5). This sug-
gests that the pro-apoptotic action of IL-21 may
be a mechanism for eliminating incompletely
activated autoreactive B cells.
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IL-21 AUGMENTS FUNCTIONAL 
DEVELOPMENT OF NK CELLS

NK cell development, proliferation, and func-
tion are known to be dependent on gc-dependent
cytokines, since gc KO mice lack mature 
NK cells.44,45 IL-15 has been implicated in NK
functional development, as mice deficient in 
IL-15 signaling have greatly reduced NK-cell
numbers.46,47 IL-21R KO mice have normal num-
bers of functional NK cells in peripheral lym-
phoid organs,21,48 demonstrating that IL-21 does
not play a non-redundant role in NK-cell devel-
opment. However, early work indicated that 
IL-21 can accelerate the in vitro differentiation of
bone marrow precursors to NK cells.5 IL-21
alone is not sufficient to induce proliferation of
immature NK cells but can act in concert with
either IL-2 or IL-15.49 Interestingly, increased
proliferation is seen when low doses of IL-21 are
added to IL-2 or IL-15, whereas higher doses of
IL-21 inhibit proliferation.49 This inhibitory
effect on NK-cell proliferation was accompanied
by phenotypic conversion to effector cytolytic

cells, with higher levels of perforin and IFN-g as
well as enhanced cytolytic activity. The enhanced
effector function is associated with increased
apoptosis of NK cells48,50 that can be blocked by
the inclusion of other cytokines such as IL-15.
The role of IL-21 in the NK-cell lineage thus
involves effects on both proliferation and matu-
ration, but the specific effect depends on the 
concentration of IL-21 as well as the presence of
other cytokines (Figure 17.6).

The in vivo effects of IL-21 on NK-cell function
have been confirmed in experiments wherein
systemic expression of high levels of IL-21 was
shown to inhibit the growth of pre-established
melanomas.51 NK activity against melanoma
target cells was significantly increased after 
IL-21 delivery, and anti-tumor activity could be
inhibited by the in vivo ablation of the NK-cell
population.51 Other studies have shown that 
NK cells activated through the NKG2D pathway
are important in the IL-21 induced anti-tumor
immunity and that this effect depends on perforin
and is independent of the adaptive immune
response.52
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IL-21 NEGATIVELY CONTROLS IMMUNE
RESPONSES THROUGH EFFECTS 
ON DENDRITIC CELLS

Although most of the effects of IL-21 on immune
responses are mediated by its actions on the
lymphoid lineage, it is also clear that at least 
certain myeloid cells are targets for IL-21 and
other gc-dependent cytokines. Although myeloid
cell numbers in both gc KO and Jak3 KO mice are
normal, dendritic cells (DCs) from these mice
have increased survival in the absence of
cytokines, suggesting that although signaling
through gc-dependent cytokines is not required
for development, these cytokines can negatively
regulate DC survival and cytokine production.53

This inhibitory effect is exemplified by the 
in vitro action of IL-21 on DC function. DCs can
be expanded in vitro from bone marrow precur-
sors in response to granulocyte/macrophage
colony-stimulating factor (GM-CSF) and IL-4,
and interestingly, the phenotypic and functional
characteristics of DCs expanded in these cytokines
in the additional presence of either IL-21 or 
IL-15 are markedly distinct.18,19 Although IL-15-
generated DCs express both IL-2Rb and IL-2Ra, 
IL-21-generated DCs express neither of these
receptor components. Moreover, unlike DCs
expanded with IL-15, those expanded with IL-21
maintain an immature phenotype characterized
by low levels of the chemokine receptor CCR7,
low levels of major histocompatibility complex
(MHC) class II, and increased antigen uptake.
These DCs cannot be induced by lipopolysac-
charide (LPS) stimulation to up-regulate surface
antigens important for antigen presentation such
as CD80, CD86, or MHC class II. Importantly,
DCs expanded in the presence of IL-21 can
inhibit antigen-specific T-cell proliferation,
whereas those expanded with IL-15 preferen-
tially stimulate T-cell responses.18,19 These
results suggest that the presence of IL-21 at the
time of initiation of the immune response by
antigen-presenting cells (APCs) may down-
regulate T-cell responses. Interestingly, while 
IL-21 and IL-15 have distinct effects on DC func-
tion, these two cytokines have synergistic effects
on both NK and CD8+ T cells. Therefore, the
timing and the location of immune responses
will likely be important with regard to whether

IL-21 will have positive or negative regulatory
effects.

IL-21: CLINICAL IMPLICATIONS FOR
AUTOIMMUNITY, ALLERGY, AND CANCER

IL-21 controls immune processes through a com-
plicated interaction of both positive and nega-
tive regulatory effects already known to occur
within the lymphoid and myeloid lineage target
cells. Consequently, there may be many scenar-
ios in which either disruption or amplification of
IL-21 signals will have clinical benefit. The 
ability of IL-21 to promote plasma cell differenti-
ation suggests that aberrant IL-21/IL-21R 
signaling might contribute to the development
of antibody-mediated autoimmune disorders.
Overexpression of IL-21 has now been detected
in three different autoimmune mouse models,
the BXSB-Yaa mouse38 which is a model for sys-
temic lupus erythematosus (SLE), the sanroque
mouse,54 and the nonobese diabetic (NOD)
mouse which is a model for autoimmune 
diabetes.55 One of the genetic loci conferring the
autoimmune phenotype in the NOD mouse is
the Idd3 locus, which contains both the IL-21 and
the IL-2 genes,56 and it is possible that mutations
in this locus contribute directly to the higher
level of IL-21 expression. It was suggested that
high levels of IL-21 in the NOD mouse serve to
amplify the homeostatic proliferation of an
autoreactive CD8+ T-cell population.55 However,
IL-21 certainly might instead or additionally
exert major actions on B cells in this setting.
NOD mice also have markedly reduced B-cell
numbers, which we speculate might result from
the apoptotic effect of high IL-21 levels in the
absence of costimulatory signals. BXSB-Yaa
mice, which develop severe SLE, develop an
age-dependent increase in the expression of IL-21
mRNA as well as serum IL-21 levels.38 Of the
other cytokines examined, only IL-10 mRNA
was also increased. Corresponding to the
increase in IL-21, these mice also had increased
serum levels of IgG1, IgG2b, and IgG3. Higher
levels of IL-21 in the disease state could be an
initiating or amplifying signal for the accumula-
tion of plasma cells and production of high
levels of autoantibodies. Another mouse strain,
the mutant sanroque mouse, has a defect in a 
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T-cell costimulatory pathway mediated by
inducible costimulator (ICOS) which is accom-
panied by the overproduction of IL-21 and the
development of a lupus-like pathology.54 The
functional link between overexpression of IL-21
and ICOS remains to be determined, although
the co-expression of these two proteins in the
follicular helper T subset that controls germinal
center antibody responses28 suggests that this
may be the controlling cell subset. In each of
these autoimmune models, it remains to be
determined whether the disease phenotype can
develop in the absence of IL-21. IL-21 might also
play a role in the development or maintenance
of the disease state in inflammatory bowel disease,
given that elevated levels of IL-21 were detected
at the site of inflammation in patients with
Crohn’s disease and IL-21 was responsible for
enhanced Th1 cell function at these mucosal
sites.57

Work in another autoimmune model system,
experimental autoimmune encephalomyelitis
(EAE), suggests a potential role for IL-21 in 
disease pathogenesis. When mice were treated
with IL-21 before the induction of disease, they
developed an exacerbated central nervous
system inflammatory response and more severe
disease symptoms which were the result of both
B- and T-cell responses.58 Circulating myelin-
specific antibodies were significantly higher,
and T cells from mice treated with IL-21 
produced higher IFN-g levels and could adop-
tively transfer the encephalitis to naïve mice.
Interestingly, in this model system, the timing 
of IL-21 administration was critical, as IL-21
given after disease induction has no effect on the
progress or severity of the disease.58 The specific
mechanism by which IL-21 exacerbates the 
disease remains to be determined, but an 
understanding of this mechanism will suggest 
potential targets for disruption of disease 
severity.

Although high levels of IL-21 appear to have
the potential to either initiate or exacerbate vari-
ous autoimmune diseases, the effects of IL-21 on
B-cell differentiation and antibody production
suggest scenarios in which elevation of IL-21
levels may be of use in the treatment of diseases
such as allergy and asthma. The possibility that
IL-21 can inhibit the production of IgE, overriding

its usual control by Th2 cytokines, is suggested
by experiments demonstrating that IL-21 treat-
ment of antigen-primed mice decreased IgE pro-
duction and reduced eosinophil migration into
the airways.27 The ability to modulate both anti-
body levels and cell migration suggests that 
IL-21 may play a role in the normal regulation of
airway responses to antigen, and that modulating
IL-21 levels might potentially control these 
cellular responses.

The potent anti-tumor effect of IL-21 in vari-
ous mouse models hopefully can be translated to
the clinical setting in a number of human can-
cers. Among the cytokines that have been used
in tumor therapy, IL-21 has a unique effect on
the persistence of tumor-specific CD8+ T cells,
raising the possibility that it might be employed
as a mechanism for inducing long-term tumor
immunity.

CONCLUSION

Since the first reports of the discovery of IL-21
and IL-21R in 2000, this gc family cytokine
system has been shown to be responsible for a
remarkably broad range of actions on T, B, NK,
and dendritic cells. It can induce proliferation
and apoptosis, and has stimulatory and suppres-
sive actions, depending on the target cell and 
its specific developmental or activation state.
Although more work is needed, administering
IL-21 or inactivating the action of IL-21 holds
clinical promise in different settings. Inhibiting
the action of IL-21 might prove useful for
autoimmune disorders, whereas providing IL-21
may have anti-tumor effects; however, treatment
for cancer would have to be undertaken with
cognizance of the possibility of exacerbating
autoimmune disorders. IL-21 is an exciting
cytokine with pleiotropic actions on multiple lin-
eages. Understanding how and when it exerts
various effects in vivo are some of the major basic
science challenges, with the goal that these can
contribute to better moving IL-21 toward the
clinical arena.
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INTRODUCTION

Interleukin-32 (IL-32)1 is a proinflammatory
cytokine originally described as a transcript
termed NK4 found in activated natural killer
(NK) cells and T lymphocytes.2 Although IL-32
is expressed at low levels in health, in disease
conditions such as rheumatoid arthritis (RA),
chronic obstructive pulmonary disease (COPD),
Crohn’s disease, and psoriasis, the expression
increases markedly. IL-32 is a major transcript in
gene array studies in epithelial cells stimulated
with interferon (IFN)-g in vitro. In mycobacterial
infections, pulmonary macrophages contain 
IL-32 but macrophages from healthy lung tissue 
do not.

IL-32 was ‘re-discovered’ during a search for
IL-18-inducible genes independent of IL-12 or
IL-15 costimulation. We generated a cell line 
that expressed both chains of the IL-18 receptor
(IL-18 receptor a and b chains). In the absence of
costimulants, IL-18 induced several expected
proinflammatory genes in the human lung
epithelial cell line A549. However, there was a
high level of expression in transcript termed
NK4. Upon expression of the recombinant form
of the NK4 transcript, it became clear that NK4
encoded for a protein with many of the charac-
teristics of proinflammatory cytokines.1 For
these reasons, the name was changed to IL-32.
Although IL-32 was first reported as transcript
in IL-2-activated NK and T cells, it appears that

epithelial cells are a dominant and widespread
source. In fact, the A549 cell line is a human lung
carcinoma cell line. Others have reported the
presence of mRNA for IL-32 in Epstein–Barr
virus-infected lymphoma cells,3 neuroblastoma
cells,4 and hematopoietic progenitor cells.5

Primary human B cells, even when stimulated
with IgM or anti-CD40, do not express signifi-
cant levels of IL-32.6 However, the cytokine is
highly expressed in activated primary human 
T cells following stimulation with anti-CD3 or
the combination of phorbol myristate acetate
(PMA) and ionomycin.6 Northern blot analysis
of various human tissues from healthy subjects
reveal low constitutive expression of steady-state
levels of mRNA in the prostate, moderate in the
thymus, small intestine, and colon, but high in
the spleen and peripheral blood leukocytes.

ISOFORMS OF IL-32

In the case of human IL-32, six isoforms have
been described. The original isoform of the NK4
transcript is presently termed IL-32g. All isoforms
have an intact first exon, which precedes the
translational initiation site (ATG) found in 
the terminal end of the second isoform. Isoforms 
IL-32a, IL-32b, IL-32d, and IL-32a each have 
a deletion in the carboxy end of the third exon.
In contrast, IL-32g has a complete exon 3 
such that the third and fourth exons have no
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intronic sequences. IL-32z has no second or third
exon; the ATG is part of the fourth exon. All iso-
forms have an intact fifth and sixth exon. With
the exception of IL-32a, all isoforms have an
intact seventh and eighth exon. In the case of 
IL-32a, there is a deletion in the seventh exon.
The IL-32a isoform, although produced by most
cell lines, has two large deletions, whereas IL-32g
has no deletions. Figure 18.1 illustrates the six
isoforms of human IL-32 derived from alternate
splicing.

BINDING OF HUMAN IL-32aa TO PROTEINASE-3

In an attempt to isolate an IL-32a soluble recep-
tor or binding protein, recombinant IL-32a was
covalently immobilized on agarose and prepara-
tions of concentrated crude human urinary 
proteins were applied for chromatographic sep-
aration. A specific 30 kDa protein eluted from
the column during acid washing and was identi-
fied by mass spectrometry as proteinase-3 
(PR-3).7 PR-3 is a neutrophil granule serine pro-
tease, exists as a soluble or membrane form, and
is the major autoantigen for autoantibodies in
the systemic vasculitic disease Wegener’s granu-
lomatosis. The affinity of IL-32a to PR-3 is 2.65 ±
0.4 nM. However, irreversible inactivation of
PR-3 enzymatic activity did not significantly

change binding to the cytokine. Nevertheless,
limited cleavage of IL-32 yielded products con-
sistent with PR-3 enzyme activity. Moreover, fol-
lowing limited cleavage by PR-3, IL-32a was
more active than intact IL-32a in inducing
macrophage inflammatory protein-2 in mouse
macrophages and IL-8 in human peripheral
blood mononuclear cells (PBMCs).7 Therefore,
PR-3 is a specific IL-32a binding protein, inde-
pendent of its enzymatic activity, but limited
cleavage of IL-32a by PR-3 enhances the activi-
ties of the cytokine. It is possible that specific
inhibition of PR-3 activity to process IL-32 or
neutralization of IL-32 by inactive PR-3 or its
fragments may reduce the consequences of IL-32
in immune-regulated diseases.

PRODUCTION OF IL-32 FROM HUMAN
MONOCYTES IN VITRO

Similar to other proinflammatory cytokines, the
mechanisms for production in vitro from primary
human cells provide important information for
its production in disease. Whole human blood
was stimulated with 1 ¥ 107 microorganisms/
ml of heat-killed Mycobacterium tuberculosis. 
IL-32 was primarily measured in the total 
cell lysate. Similar stimulation was observed
when freshly isolated PBMCs were stimulated
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with M. tuberculosis.8 Interestingly, whereas
endotoxin also moderately stimulated IL-32 pro-
duction in PBMCs, stimulation with other Toll-
like receptor (TLR) agonists such as Pam3Cys
(TLR2), poly I:C (TLR3), flagellin (TLR5), or CpG
(TLR9) did not induce IL-32 production.
Similarly, stimulation of PBMCs with other heat-
killed microorganisms such as Staphylococcus
aureus, Candida albicans or Aspergillus fumigatus did
not stimulate IL-32 production. No IL-32 was
found in the adherent cells incubated with con-
trol medium. However, after 24 hours, IL-32
mRNA for the first four isoforms were present in
the unstimulated PBMCs.

COOPERATION OF MONOCYTES WITH
LYMPHOCYTES IS NECESSARY FOR 
FULL IL-32 PRODUCTION

When PBMCs isolated from healthy volunteers
were stimulated with IFN-g, IL-1b or tumor
necrosis factor (TNF)-a, only IFN-g induced 
IL-32. In the human epithelial cell line WISH,
IFN-g also stimulates IL-32.1 Of all the cytokines,
IFN-g is essential for host defense against
mycobacterial infection and therefore the ability
of IFN-g to induce IL-32 may be related to a role
for IL-32 in anti-mycobacterial defense. One can
conclude from large population studies that 
a well-contained granuloma containing live 
M. tuberculosis is not incompatible with long life
as long as the patient’s immune system is fully
functional. A fully functional immune system
includes cytokine production, particularly IFN-g.
Most notably, mutations in any of five genes that
control IFN-g production result in severe and
life-threatening mycobacterial disease from
birth.9 These include the IFN-g receptor type I
and type II, the p40 chain of IL-12, the IL-12
receptor b1, and the intracellular transcription
factor known as STAT1. These human studies
are supported by a large body of animal studies
showing failure to contain M. tuberculosis infec-
tion in mice treated with antibodies to or lacking
production of IFN-g.

When comparing total PBMCs, isolated
adherent monocytes, or the non-adherent lym-
phocyte population following stimulation with
M. tuberculosis, monocytes were the main source
of IL-32.8 However, the presence of lymphocytes

was necessary for optimal release of IL-32, 
since there were significantly lower amounts 
of IL-32 from monocytes alone, compared with
the mixed monocyte/lymphocyte population
from PBMCs. In addition, monocyte-derived
macrophages and dendritic cells (DCs) were 
also capable of producing moderate amounts 
of IL-32.

It was also reported that M. tuberculosis
stimulates IL-32 through a caspase-1/IL-18/
IFN-g–dependent mechanism.8 To investigate
the pathway leading to the stimulation of IL-32
by M. tuberculosis, PBMCs were stimulated with
the mycobacteria in the presence or absence of
cytokine inhibitors. Inhibition of IL-18 and IL-1b
processing by a caspase-1 inhibitor strongly
decreased the production of IFN-g and IL-32, but
not that of TNF. To discern whether these effects
were due to endogenous IL-18 or IL-1b, cells
were stimulated with M. tuberculosis in the pres-
ence of the natural inhibitors of IL-18 and IL-1:
IL-18 binding protein (IL-18BP) respectively. 
IL-18BP strongly decreased the production of 
IL-32 and IFN-g stimulated by M. tuberculosis,
whereas IL-1Ra had no effects.8 To assess
whether IL-32 production is mediated via inter-
mediary IFN-g release from lymphocytes, IFN-g
activity was blocked using anti-IFN-g antibody.8

Blockade of IFN-g activity inhibited the produc-
tion of IL-32, while also moderately affecting
TNF synthesis. Thus M. tuberculosis stimulates
the production of IL-32 through a caspase-1/
IL-18/IFN-g pathway.

IL-32 IN ARTHRITIS

In culture, synovial cells isolated from human
biopsies take on a specialized stellate fibroblast-
like form first reported by Krane and Dayer.10

These fibroblast-like synoviocytes, termed syn-
ovial fibroblasts (SF), can be cultured from tis-
sues of patients with RA as well as osteoarthritis.
In general, steady-state mRNA in SF isolated
from these two distinct arthritides express simi-
lar levels of cytokines, chemokines, and their
respective receptors when cultured in the
absence of exogenous stimulation.11 However,
constitutive expression is differentially observed
between third passage SF from RA compared
with FLS from biopsies of osteoarthritis.11 In that
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study, synovial biopsies were obtained from
eight patients with RA and nine patients with
osteoarthritis. Gene array was performed with
over 54 000 transcripts. The mean differential
expression of IL-32 in RA compared with
osteoarthritis was 3.85-fold greater (p = 0.0073).11

Another differentially expressed gene was
monocytes chemoattractant protein-1 (MCP-1,
CCL2). MCP-1 expression was 2.5-fold greater 
in SF from RA compared with osteoarthritis 
(p = 0.02).11 The authors argue that since the level
of expression of inflammatory genes from SF are
similar in RA and osteoarthritis, the differential
increase in IL-32 may implicate a role for this
cytokine in RA.11 A similar argument was pro-
posed for the high degree of expression of MCP-1.
Since recombinant IL-32 stimulates chemokines
from macrophagic cells in vitro,1 the finding of
both IL-32 and MCP-1 may be more than just
coincidental.

Although the studies by Chiocchia and co-
workers provide an important observation in
differential gene expression of IL-32,11 direct evi-
dence for IL-32 in RA was reported by Joosten
and colleagues.12 IL-32 staining was observed in
25 of the 29 synovial biopsies; marked staining
was predominantly found in the lining layer of
the synovium.12 The cells that were the most
positive for IL-32 staining were macrophage-
like cells. The percentage of RA patients with 
IL-32-positive biopsies was lower among the
group showing little clinical arthritis compared
with those with moderate or severe knee inflam-
mation. Assessment scores for IL-32 in the lining
were highly correlated with those for micro-
scopic inflammation on routinely stained tissue
sections (r = 0.80, p < 0.0001) and also with the
acute phase reaction as measured by the erythro-
cyte sedimentation rate (r = 0.71, p < 0.0001).
TNF-a was detectable in only 50% of the RA
patients. In contrast IL-1b staining was observed
in most synovial biopsies (90% of the RA patients),
whereas IL-18 was detectable in 79% of the same
synovial tissue samples. The levels of IL-32 and
TNF-a expression in the same biopsies were
strongly correlated (r = 0.68, p < 0.004 for lining).
However, a greater association was found for IL-32
presence in the lining layers with the expression 
of IL-1b and IL-18 in the same biopsies (r = 0.79, 
p < 0.0001 for IL-1b and r = 0.82, p < 0.0001).

In a recent study, IL-32 steady-state gene
expression was assessed in lymphoid tissues, as
well as in stimulated peripheral T cells, mono-
cytes, and B cells.13 Similar to the studies of
Netea et al.,8 activated T cells were important for
IL-32 mRNA expression in monocytes and 
B cells.13 Not unexpectedly and similar to pub-
lished observations,1,12 TNF-a induced IL-32
mRNA expression in T cells, monocyte-derived
DCs, and synovial fibroblasts. Also confirming
previous studies,11 steady-state IL-32 mRNA
expression was high in the synovial tissues of
RA patients,13 as well as in synovial-infiltrated
lymphocytes using in situ hybridization.13

Following administration of bone marrow
cells overexpressing the human IL-32b isoform,
splenocytes from the recipient mice exhibited
increased TNF-a, IL-1b, and IL-6 production and
secretion,13 which was enhanced by the presence
of endotoxin. In addition to increased production
of TNF-a from splenocytes of IL-32b expressing
mice, serum TNF-a levels were increased. TNF-a,
IL-1b, and IL-6 expression were elevated as well
as endotoxin-stimulated macrophages and DCs.
In mice with bone marrow transplants of the
human IL-32b isoform, there was worsening of
the clinical score using collagen antibody-
induced arthritis as well as in mice subjected to
sulfonic acid-induced colitis.13 Upon transfer of
CD4+ T cells expressing IL-32b, there was a sig-
nificant exacerbation of collagen-induced arthritis
(CIA).13 It was previously demonstrated that
recombinant human IL-32 injected directly into
the knee joints of wild-type mice resulted in a
severe inflammatory infiltration but that the
response to IL-32 was markedly reduced in 
mice deficient in TNF-a.12 Using transfer of 
IL-32b-expressing cells with CIA, TNF-a block-
ade prevented the exacerbating effects of human
IL-32b.13 The authors concluded that IL-32 wors-
ens the inflammatory responses of experimental
arthritis and colitis and that the effects of IL-32 in
these models of inflammation are due to TNF-a
activity. However, blocking IL-1b or IL-6 in mice
overexpressing IL-32 has yet to be determined.

IL-32 IN CROHN’S DISEASE

Activation of non-specific inflammatory
responses (innate immunity) plays an essential
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role in host defense against invading organisms.
In general, these responses include the induction
of proinflammatory cytokines, which assist the
host in eliminating the infection by non-immune
mechanisms such as emigration of phagocytic
cells and the production of toxic products to
destroy the organisms. Indeed, bacterial products
induce cytokines via pattern-recognition receptors
for several bacterial products. The two most clini-
cally relevant families of microbial receptors are
the cell-surface TLRs and the intracellular nuclear
oligomerization domain (NOD) receptor family.
IL-32 acts in a synergistic manner with the NOD1-
and NOD2-specific muropeptides of peptidogly-
cans for the release of IL-1b and IL-6 (3–10-fold
increase).14 In contrast, IL-32 did not influence the
cytokine production induced via TLRs. The syner-
gistic effect of IL-32 and the synthetic muramyl
dipeptide (MDP) on cytokine production was
absent in cells of patients with Crohn’s disease
bearing the NOD2 frame shift mutation,14 demon-
strating that the IL-32/MDP synergism depends
on NOD2. This in vitro synergism between IL-32
and NOD2 ligands was consistent with a marked
constitutive expression of IL-32 in human colon
epithelial tissue. In addition, the potentiating
effect of IL-32 on the cytokine production induced
by the synthetic muropeptide FK-156 was absent
in NOD1-deficient macrophages, supporting the
interaction between IL-32 and NOD1 pathways.14

Of importance, the synergism between IL-32 and
MDP/NOD2 for the induction of IL-6 was
dependent on the activation of caspase-1 and the
secretion of IL-1b. Only additive effects of IL-32
and muropeptides were observed for TNF-a
production. The modulation of intracellular
NOD2 pathways by IL-32, but not the cell surface 
TLRs, as well as the marked expression of IL-32 in
colon mucosa, suggest a role for IL-32 in the
pathogenesis of Crohn’s disease.
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INTRODUCTION

The interferons (IFNs) were the first cytokines to
be discovered,1 evaluated as therapeutic agents
in viral infections and cancers, and produced on
a large scale as recombinant proteins for clinical
use.2 The IFNs are defined by their ability to
interfere with replication of viruses in cells via
induction of new mRNA and protein synthesis.
They are grouped into type I IFN, type II IFN,
and type III IFN and are encoded by no less than
21 different genes in man. These three major
classes of IFNs (I–III) act on separate receptors.
The type I IFNs have been most extensively
studied and constitute an important part of
innate immunity against viral infections, but
also act as a link to adaptive immunity via many
effects on key immune cells, such as T cells, 
B cells, and dendritic cells (DCs). The inducers of
type I IFN production (typically virus), the cells
producing type I IFNs, the type I IFN genes and
proteins, as well as the targets cells affected by
the type I IFNs, can be defined as the type I IFN
system. The type III IFNs may be included in
this system, because of many similarities to 
type I IFN. Type II IFN (IFN-γ) on the other hand 
is more clearly separate, because it is typically

produced by activated T and natural killer (NK)
cells and differs in function compared with 
type I/III IFN (see below). Types I, II, and III
IFNs have an extraordinarily wide range of
effects on innate and adaptive immune responses
and have attracted a great deal of interest
because of their potentially pivotal role in devel-
opment of autoimmune diseases, although 
type III IFNs have not been extensively studied
in this respect. We here review the biology of the
IFNs, with emphasis on their involvement in
autoimmune diseases.

THE IFN PROTEINS AND GENES

The human IFN genes (including chromosomal
location) and proteins (including their amino
acid numbers and homologies) are listed in
Table 19.1. The type I IFNs are encoded by a
family of 17 genes, 13 genes for the different −
IFN-α subtypes and single genes for IFN-β, -ω, -κ,
and -ε.3 The type I IFNs are all significantly
homologous at the gene and protein sequence
level. The type I IFN genes (designated as in
Table 19.1) are located in the type I IFN locus on
the short arm of chromosome 9 at 9p21.3, distrib-
uted over a 400 kb stretch. The gene for IFN-κ
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(IFNK) is however located slightly outside the
type I IFN locus, at 9p21.2. The type I IFN genes
lack introns, except for IFNK, which has one
intron. The type I IFN genes are mainly silent in
cells, but their expression can be induced in 
cells, for example, by viral infection (see below).
However, IFN-κ has been reported to be
expressed in resting keratinocytes.4

Type II IFN, also termed IFN-γ, is encoded by
the gene IFNG that contains three introns and is
located on chromosome 12 (12q15). There is no
significant homology with type I or III IFNs at
DNA or protein levels (Table 19.1).

The type III IFNs consist of three genes (IL29,
IL28A, IL28B) and corresponding proteins,
which are highly homologous. The genes are
located at chromosome 19 (19q13.2) and contain
five exons. The type III IFNs were identified and
described as IL-29, IL-28A, and IL-28B, or IFN-λ1,
IFN-λ2, and IFN-λ3 in independent publica-
tions.5,6 Their designation as type III IFNs7 is
appropriate since they display antiviral activity,
are induced by viruses, display a weak homology
with type I IFN, and act via a separate receptor.

ACTIVATION OF TYPE I IFN GENES

Expression of type I IFN genes is typically
induced by viruses, but some bacteria and proto-
zoa are also IFN-inducers. The critical first step
is here the activation of Toll-like receptors

(TLRs) or intracellular sensors by microbial
DNA or RNA molecules, which leads to phos-
phorylation and activation of several transcrip-
tion factors that bind to positive regulatory
domains (PRDs), located 5′ of the transcription
initiation sites in type I IFN genes (Figure 19.1).8,9

These transcription factors include the IFN regu-
latory factors (IRFs) IRF-3, IRF-5, and IRF-7,
which interact with virus-responsive elements
(VREs) in PRDs. The VREs consist of repeats of
GAAANN motifs and are essential for type I
IFN gene expression. However, several other
transcription factors are also involved and they
include IRF-1 and IRF-2. In the IFN-β gene
(IFNB1), which has been most extensively stud-
ied, the PRDI and PRDIII elements contain 
such VREs. However, a PRDII element also
interacts with NF-κB. The NF-κB and IRF-3/IRF-7
interact with the transcription factors ATF-2/
c-Jun and HMGI(Y) and form an enhanceosome
that causes expression of the genes. IRF-3, 
IRF-7, and IRF-5 are also involved in induced
expression of IFN-α genes via formation of
enhanceosomes.

The mode of action of the TLRs in the activa-
tion of type I IFN (and other genes) is compli-
cated, but has been significantly unraveled in
recent years (see Chapter 9).8,10–12 TLR3 is com-
monly viewed to have an endosomal localiza-
tion in cells and mediates type I IFN production
induced by double-stranded RNA (dsRNA).

232 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

IFN Size Sequence 
type Genes Gene locus Proteinsa (amino acids) homologies

I IFNA1, 2, 4, 5, 6, 7, 8, 9p21.3 IFN-α1, 2, 4, 5, 6, 7, 8, 10, 165–166 > 75%b

10, 13, 14, 16, 17, 21 13, 14, 16, 17, 21 (n = 13)
I IFNB1 9p21.3 IFN-β 166 30%
I IFNE1 9p21.3 IFN-ε 185 30%
I IFNK 9p21.2 IFN-κ 180 30%
I IFNW1 9p21.3 IFN-ω 172–174 75%
II IFNG 12q15 IFN-γ 146 NS
III IL29, IL28A, 19q13.2 IFN-λ1, 2, 3, (IL-29, IL-28A, 175–181 > 80%b

IL28B IL-28B) (low to IFN-α)

NS, not significant.
aIFN-α1 and IFN-α13 have identical amino acid sequences.
bHomologies between IFN-α subtypes and between IFN-λ subtypes.
Homologies to IFN-α.

Table 19.1 Human type I, II, and III interferon (IFN) genes and proteins
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TLR3 uses TRIF (and not MyD88, see below) as
the adapter, and the further signaling pathways
involve activation of IRF-3 (and perhaps IRF-7),
NF-κB and ATF2/c-Jun transcription factors,
and eventually expression of genes encoding
both IFN-α and -β and proinflammatory
cytokines (see Chapter 9). TLR4 is a receptor for
bacterial lipopolysaccharide (LPS), but also 
certain viral proteins, and is present on the cell
surface. Upon TLR4 ligation, the genes for IFN-β
and several proinflammatory cytokines are
induced via signaling pathways involving the
final activation of especially transcription factors
IRF-3 and NF-κB (see Chapter 9).

TLR7 and TLR8 bind and become activated
by single-stranded RNA (ssRNA), while TLR9 in
contrast is activated by unmethylated CpG-rich
DNA (Figure 19.1). These TLRs then recruit the
MyD88 adapter protein that subsequently inter-
acts with a set of molecules that include TRAF6,
IRAK1, IRAK4, osteopontin (Opn-i), and the IκB
kinase-α (IKK-α).8,11 This complex recruits and
phosphorylates IRF-5 and IRF-7. In addition
there are pathways that result in activation of
NF-κB and ATF2/c-Jun, as described for TLR3
(see Chapter 9). This causes strong induction of
IFN-α and proinflammatory cytokines.8,11 In the
mouse, data indicate that IRF-5 is responsible for
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Figure 19.1 Activation of type I IFN genes in immature plasmacytoid dendritic cells (PDCs), also termed natural IFN-producing

cells (NIPCs), by virus or immune complexes containing RNA or DNA molecules. Endosomal TLR7 (recognizing single-stranded

RNA) and TLR9 (recognizing CpG-DNA) are activated by endocytosis of virus, or after FcγRIIa-mediated endocytosis of immune

complexes. Via assembly of a MyD88-associated signaling complex with multiple adaptors and kinases, the IRFs (IRF-3, -5, -7)

are activated by phosphorylation. Then, type I IFN genes, as well as (not shown; see text) genes for several proinflammatory

cytokines (‘IRF-induced genes’) are expressed. Nucleic acids introduced into the cytoplasm, at least viral dsRNA or dsDNA, can

be recognized, e.g. by RIG-I and Mda5 helicases (dsRNA), and as yet unidentified sensors (dsDNA). Such cytoplasmic RNA/DNA

recognition pathways converge via a common adapter protein (IPS-1) that mediates activation of the kinases TBK1 and IKKε,
resulting in activation of IRFs and type I IFN gene transcription. Genes involved in TLR-mediated activation are up-regulated by

type I IFN, including IRF-5/7 and TLR7, forming the basis of an endogenous enhancing loop by which type I IFN increases its

own production and that of several proinflammatory cytokines (the priming phenomenon). Not shown is the capacity of TLR3 to

mediate induction of type I IFN expression by dsRNA and of TLR4 to activate IFN-β gene transcription.

IRF-3   –P

TLR9

Endosomes

Promoter

MyD88

IRAK-1
TRAF6

IRF-7   –P
IRF-5   –P

RNA/DNA

Type I IFN genes
Other IRF-induced genes

IRF-7
IRAK-4

TLR7

TBK1 IKK-ε

RIG-I, Mda5
helicases

Virus

Viral RNA

CARD

IRF-5

S
tat1

S
tat2

IRF-9

PP

ISRE
IFN-induced genes

IRF-7
IRF-5

ISGF3

DNA sensor

IPS-1 IKK-e
Opn-i

Viral DNA

Viral RNA

Viral DNA

Type I IFN

IFNAR1 IFNAR2

Stat1
Stat2

Tyk2 Jak1

Autoantigen

FcγRIIa

RNA/DNA Autoantibodies

TLR7

TLR9

FcγRIIa

Interferogenic
immune complex

Cell membrane

9781841844848-Ch19  8/10/07  1:48 PM  Page 233



TLR-mediated expression of proinflammatory
cytokines, while IRF-7 is required for induction
of type I IFN.8 The situation may differ in human
cells, where IRF-5 has been shown to mediate
type I IFN induction.13 As further discussed
below, the type I IFN production mediated by
TLR7 and TLR9 occurs principally in immature
plasmacytoid dendritic cells (PDCs), also termed
natural type I IFN-producing cells (NIPC).

There are also TLR-independent intracellular
pathways mediating type I IFN production
induced by nucleic acids that enter the cytosol
(Figure 19.1). One involves the protein kinase R
(PKR) that is activated by dsRNA.14 However,
the two RNA helicases RIG-I and Mda5 appear
more important in the intracellular recognition
of dsRNA.11 These CARD-containing helicases
use the mitochondria-associated adapter MAVS
(also termed IPS-1, VISA or Cardif) and possibly
other adapters such as RIP1 and FADD to acti-
vate the kinases TBK1 and IKKε. This results in
phosphorylation of IRF-3 and IRF-7 and thus
type I IFN expression. Also, intracellular dsDNA
can trigger activation of IRF-3 and NF-κB via
TBK1 and IKKε, leading to production of type I
IFN and proinflammatory cytokines,15,16 but the
actual sensors are not RIG-I or Mda5 and there-
fore remain to be defined.

Consequently, several endosomal TLR-
dependent and intracellular TLR-independent
mechanisms are involved in the triggering of
production of type I IFN and proinflamma-
tory cytokines by microbial DNA and RNA.
Importantly, they also mediate responses to
mammalian-derived DNA and RNA and are
therefore of considerable interest in autoimmune
diseases (see below).

ACTIVATION OF THE TYPE II IFN (IFN-g) GENE

The production and action of IFN-γ has been
extensively reviewed.17 The main IFN-γ produc-
ers are cytotoxic and helper T cells, as well as NK
cells (Figure 19.2). However, other cells such as
DCs, mast cells, B cells, and macrophages can
also produce IFN-γ. In fact, even the NIPCs/
PDCs, the principal type I IFN producers, have
been reported to produce IFN-γ.18 The IFN-γ
gene contains binding sites for several transcrip-
tion factors in the regulatory region upstream of

the start of transcription. They include AP-1,
CREB/ATF, NFAT, T bet, NF-κB, as well as the
signal tranducers and activator of transcription
(STAT) factors 1, 4, and 5, but not the IRFs that
are involved in type I IFN gene expression
(Figure 19.2). This spectrum partly explains why
IFN-γ genes are induced by several cytokines,
such as IL-2, IL-12, IL-15, IL-18, IL-21, IL-23, 
IL-27, and type I IFN, alone or in combinations.9,17

IL-12 and IL-18 are active alone, but the IFN-γ-
inducing capacity is markedly enhanced when
they are combined. Furthermore, monocytes/
macrophages/DCs can be activated via, for
example, TLR7, to produce IL-12, which in turn
acts on NK cells to induce IFN-γ production and
cell proliferation, and this is enhanced by expo-
sure of these cells to IL-2 or type I IFN.19

However, both NK cells and memory T cells
express TLR7, and at least the latter cells can also
be activated by TLR7 agonists to produce IFN-γ.20

Thus, production of type I IFN, IL-12, and sev-
eral proinflammatory cytokines is coordinated
with production of IFN-γ by NK cells. This may
be an important event, because type I and II
IFNs have synergistic actions in several systems
(see below).

In the activation of the IFN-γ production by
NK cells, the interaction of NK-cell receptors
NKG2D with the ligands MICA/MICB and of
TNFRSF18 with the ligand TNFSF18 (GITRL) are
important (Figure 19.2). For T cells, interaction
of their T-cell receptor (TCR) with ligand major
histocompatibility complex (MHC)–peptide
complexes, CD2 molecules with ligand CD58, or
TNFRSF15 with ligand TNFSF15 contribute to
the activation of IFN-γ production. The fact that
all mentioned ligands can be expressed by
myeloid or plasmacytoid DCs, which also pro-
duce IFN-γ-inducing cytokines, is the basis for
important cross-talk whereby activated DCs
promote IFN-γ production.21,22 This has func-
tional implications, in that type I–III IFNs are
produced concomitantly.

ACTIVATION OF TYPE III IFN GENES

Type III IFN (IFN-λ1-3; IL-28A/28B/29) pro-
duction is triggered by viruses, and the mecha-
nisms of activation appear similar to those for
type I IFN, involving TLRs and activation of 
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NF-κB, IRF-3, and IRF-7.23 Also, priming of cells
with type I IFN dramatically increased both 
type I and III IFN expression, at least in part due
to increased expression of IRF-7 and TLRs.24

CELLULAR BASIS OF TYPE I AND III IFN
PRODUCTION

Many different types of cells can produce type I
IFN, but in small quantities and mainly in response
to certain RNA viruses, such as influenza and
Sendai virus. This restricted response is most
likely due to lack of components essential for
efficient type I IFN gene expression. For
instance, the transcription factors IRF-5 and IRF-7
are preferentially expressed in human cells of

lymphoid origin and TLR7 and TLR9 in the prin-
cipal IPC, the immature PDC.8,11

In man, monocytes/macrophages and
myeloid/monocyte-derived DCs produce type I
IFN in response to the dsRNA poly-IC and to
certain RNA viruses,24,25 and here the intracellu-
lar sensors RIG-I and Mda5 are involved.26 These
cells do express TLR3, 4, 7, and 8, but produce
IL-12 instead of type I IFN upon exposure to
TLR7/8 agonists.24,25

In contrast, the immature PDCs, also termed
NIPCs, produce extremely large amounts of
IFN-α (about 1 × 109 molecules in 12 hours) in
response to many different microorganisms.27,28

The NIPCs/PDCs are infrequent in the circulation,
less than 1% of peripheral blood mononuclear
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Figure 19.2 Activation of type II IFN (IFN-γ) genes in NK cells and T cells. The activation is dependent on interaction of these

cells with, for example, activated plasmacytoid or myeloid DCs. Such DCs produce cytokines (e.g. IL-12, IL-15, IL-18, IL-21, IL-27,

type I IFN) and also express cell membrane molecules that activate IFN-γ genes in T and NK cells. The membrane molecules

include MHC class I/II interacting with TCR, CD58 with CD2, CD80/86 with CD28, and MICA/MICB with NKG2D, as well as TNF

superfamily members TNFSF15 and TNFSF18 that interact with corresponding receptors. NK cells and T cells also express TLRs

that contribute to their activation. The regulation of the IFN-γ gene is complex, involving many transcription factors (See in the

box), that in separate ways can cause gene expression.
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cells, and can be recruited to sites of inflammation.
The cells express, for instance, MHC class II,
CD4, CD40, CD83, high levels of the IL-3 receptor
(CD123), pre-Tα, λ5, and two specific markers
termed blood DC antigen 2 (BDCA-2) and
BDCA-4, but lack the costimulatory molecules
CD80 and CD86. The BDCA-2 molecule is an
endocytic type II C-type lectin, which can func-
tion as an antigen-capturing molecule.29 The
NIPCs/PDCs express the Fcγ receptor IIa
(FcγRIIa),30 the TLRs 1, 6, 7, 9, and 10,31 and have
high endocytotic activity. They also express the
transcription factors IRF-1, -3, -4, -5, -7, and -8.27,32

This explains in part the capacity of NIPCs/PDCs
to sense a wide variety of molecules in the envi-
ronment, especially nucleic acids, and respond
to such potential danger signals by an extraordi-
narily high production of type I IFN and type III
IFN. However, these cells can also produce other
cytokines, including TNF-α and IL-6, and sev-
eral chemokines, such as CXCL1-3, CXCL9-11,
and CCL3-5.27 They also produce IL-12 when
costimulated by CD40L,33,34 although this was
not confirmed in a recent study.35 NIPCs/PDCs
rapidly die in vitro, unless stimulated by IL-3 or
granulocyte/macrophage colony-stimulating
factor (GM-CSF).28 In contrast, the cytokines 
IL-10 and TNF-α inhibit IFN-α production by
NIPCs/PDCs.36 Immature PDCs express the
chemokine receptors CXCR3 and CXCR4, as well
as more uniquely the receptor for chemerin,37,38

i.e. ChemR23. These receptors are important for
directing the migration of the cells from blood to
peripheral tissues and lymph nodes, when
exposed to the ligands CXCL9–11, CXCL12, and
chemerin, respectively. Activated and mature
PDCs on the other hand express CCR7, impor-
tant in migration from inflamed tissues via
lymph vessels to regional lymph nodes.

MODE OF ACTIVATION OF TYPE I IFN
PRODUCTION IN IMMATURE PDCs

Activation of the NIPCs/PDCs can occur by
engagement of TLR7 and TLR9 or by intracellu-
lar mechanisms, as outlined above. The TLRs are
located in the endosomes and endocytosis of the
IFN-inducers is therefore required. Certain
small molecules can directly activate endosomal
TLRs, such as imidazoquinolines (e.g. Resiquimod

and Imiquimod), guanine nucleoside analogs
(e.g. 7-allyl-8-oxoguanosine, i.e. Loxoribine), or
short oligodeoxyribonucleotides (ODN) contain-
ing unmethylated CpG-dinucleotides.11 Some
viruses can also reach this endosomal compart-
ment and trigger type I IFN production by
exposing the TLR9 to DNA (e.g. herpes simplex
virus) or TLR7 to RNA (e.g. influenza virus).11

Single-stranded (ss) RNA with guanosine- and
uridine-rich sequences, carried by liposomes,
can also activate IFN-α production via interac-
tion with TLR7.39,40 Interestingly, both RNA- and
DNA-containing immune complexes (ICs)
induce IFN-α production by NIPCs/PDCs. Such
interferogenic ICs are internalized by NIPCs/
PDCs via FcγRIIa, reach the endosomes and acti-
vate the TLR7 and TLR9.30,41,42 Importantly,
apoptotic cells release material containing DNA
and RNA that can trigger type I IFN production
in NIPCs/PDCs, when combined with autoanti-
bodies from patients with systemic lupus erythe-
matosus (SLE) and Sjögren’s syndrome (SpS).43–45

Cells dying by necrosis release only RNA-
containing material with interferogenic proper-
ties.44 Both U1 snRNA and hY1RNA can induce
type I IFN production and ICs consisting of
autoantibodies and U1snRNP particles are able
to induce type I IFN production specifically in
NIPCs/PDCs via TLR7.46–48 However, several
other RNA species that associate with protein
autoantigens are potential IFN-inducers when
present in ICs. Accordingly, the same molecules
that are released at cell death and constitute
major autoantigens in SLE and several other 
systemic autoimmune diseases are also potent 
IFN-α-inducers and can act as endogenous adju-
vants in the autoimmune process (see below).

THE IFN RECEPTORS AND THEIR SIGNALING
PATHWAYS

The effects of the IFNs are mediated by three dif-
ferent receptors, type I IFN acting on the IFNAR,
type II IFN (IFN-γ) on the IFNGR, and type III
IFN on the IL28R.49 The properties of the recep-
tors and their signaling pathways are summa-
rized in Table 19.2 and Figure 19.3. The IFNAR
and IFNGR are displayed on most cell types,
while IL28R have a more limited expression.
They all consist of two chains that lack intrinsic

236 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch19  8/10/07  1:48 PM  Page 236



kinase activity, are associated with Janus kinases
(Jak), and use members of the STAT family as
main regulators of gene expression.

The interaction of type I IFN with the IFNAR
results in activation of the two receptor-associated
tyrosine kinase 2 (Tyk2) and Jak1, phosphorylation

of STAT1 and STAT2, and formation of a tri-
molecular complex with IRF9. Such complexes,
designated IFN-stimulated gene factor 3 (ISGF3),
bind to IFN-stimulated response elements
(ISREs) that are present in the promoters of a
large number of genes. Phosphorylated STAT1
can also form homodimers that interact with the
IFN-γ-activated sites (GAS), also present in the
promoters of many genes. Several genes have
both ISRE and GAS elements. However, at least
in lymphoid cells, the IFNAR can also activate
STAT3–6, which can form functionally relevant
homodimers and heterodimers. The activated
STAT proteins can interact with several other
proteins, including p300 and CBP (CREB-binding-
protein) that are important in regulating gene
transcription. Besides the already complex 
Jak-STAT pathway, the IFNAR also can use the
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Figure 19.3 Signaling pathways used by the type I, II, and III IFN receptors. The receptor-associated Janus kinases, Jak1, Jak2,

and Tyk2, are indicated as well as the involved signal transducers and activators of transcription (STAT) factors. STAT1 and STAT2

are typically activated by phosphorylation, STAT1 and STAT2 forming a tri-molecular complex with IRF-9 (ISGF3) that interacts with

IFN-stimulated response element (ISRE) in promoters of IFN-stimulated genes. STAT1 dimers can interact with IFN-γ-activated

sites (GAS). The signaling pathways and target genes of type I and III IFN are similar, partially overlapping those of the type II

IFN (IFN-γ), e.g. via STAT1 dimer formations. The latter is less pronounced for type I and III IFN (broken lines) than for IFN-γ. In the

STAT pathway, STAT3–5 are also activated as indicated. As indicated in boxes, several other pathways and transcription factors

are described to be activated by IFNs, and receptor signals are modulated by members of the SOCS and PIAS families, as well

as by phosphatases. For further details, see the text.
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factors:
CBP/p300, NF-κB,
IRF-3, -5, -7,

IFNGR2 IFNGR2

Type II IFN (IFN-γ)

Jak1

IFNGR1IFNGR1

Jak1

Jak2

Jak2

Type III IFN (IFN-λ)

IL28R1 IL10R2

T
yk2

Jak1 STAT3
STAT5

IFN-stimulated genes (ISG)

Table 19.2 The interferon (IFN) receptors

Human gene Janus 
Receptor Chains locus kinases

Type I IFN IFNAR1 21q22.11 Jak1, Tyk2
(IFNAR) IFNAR2 21q22.11
Type II IFN IFNGR1 6q23-q24 Jak1, Jak2
(IFNGR) IFNGR2 21q22.11
Type III IFN IL28RA 1p36.11 Jak1, Tyk2
(IL28R) IL10RB 21q22.11
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Crk- and the p38-MAPK pathways for some of
the antiproliferative and antiviral effects of 
type I IFN. Furthermore, the insulin receptor
substrate 1 (IRS1)/phosphatidyl-inositol 3-kinase
(PI3K) signaling pathway is involved in, for
example, IFN-α/β-mediated regulation of 
apoptosis and induced production of anti-
inflammatory IL-1Ra and IL-10. IL28R, used by
the three type III IFNs, has many similarities to
IFNAR with respect to the Jak-STAT pathway,
but many of its functions still remain to be 
clarified.7 They may in fact differ from type I IFN
in some respects.50

IFNGR, via Jak1 and Jak2, typically activates
only STAT1, with the formation of STAT1
homodimers.17 A less pronounced activation of
STAT2 and formation of ISGF3 complexes has
also been reported. Thus type I and II IFN func-
tionally overlap, partly explaining the reported
cross-talk between IFNAR and IFNGR.49 Type II
IFN can also activate other pathways, including
the Crk and PI3K pathways.

NEGATIVE REGULATION OF IFN SIGNALING
PATHWAYS

Cytokine signaling is controlled by several
inhibitors (Figure 19.3), including constitutively
expressed Src homology 2 (SH2) domain con-
taining phosphatases (SHP), protein inhibitors
of activated STAT (PIAS), and inducible sup-
pressors of cytokine signalling (SOCS).51,52 The
mammalian SHPs act mainly by dephosphory-
lating signaling components in the pathways.
The PIAS consist of four members, PIAS1,
PIAS3, PIASx, and PIASy, that bind to STAT1,
STAT3, STAT1 and STAT4, respectively. At least
PIAS1 and PIAS3 act by preventing binding of
STAT to DNA. Inhibition of STAT function by
sumoylation is another recently demonstrated
mechanism of action.

The SOCS family has seven members, which
have SH2-domains, and can therefore bind to
phosphotyrosine residues in receptors or Janus
kinases. The expression of SOCS1 and SOCS3 is
induced by type I and II IFN. Interestingly SOCS1
interacts with the IFNAR1 chain selectively, and
inhibits the function of the IFNAR, probably by
preventing binding and activation of Tyk2. Also
SOCS3 can inhibit type I IFN signaling.53

GENES, PROTEINS, AND CELL FUNCTIONS
REGULATED BY IFNs

The IFNs have several important functions in
innate immunity, especially in the defense
against viral infections. However, they also have
prominent effects in adaptive immunity. The
multitude of actions of the IFNs are due to their
ability to increase the expression of hundreds of
genes and down-regulate others.54,55 Owing to
the overlapping signaling pathways of type I-III
IFN, their spectra of IFN-stimulated genes (ISGs)
also partially overlap. The proteins correspon-
ding to these ISGs have many effects on many
different cell types (examples are provided in
Table 19.3).

The ISGs include genes that encode proteins
such as RIG-I and IRF-5/7, which are involved
in expression of type I IFN genes. Other proteins
are involved in inhibition of viral replication,
e.g. 2,5-oligoadenylate synthetase (OAS), dsRNA-
dependent protein kinase (PKR), RNase L and
Mx protein. Type I IFNs also have antiproliferative
effects mediated by, for example, up-regulation
of p21 and p27, inhibitors of cyclin-dependent
kinases. Type I IFN can promote apoptosis in
several ways, e.g. by up-regulation of death
receptors/ligands TRAIL/Apo2L and Fas/FasL,
as well as by PI3K/mammalian target of
rapamycin signaling pathways.56 Type I IFNs
precipitate apoptosis in virus-infected cells by
up-regulation of dsRNA-activated protein
kinase (PKR). A remarkable finding is that the
IFN-inducible gene 15 (ISG15) protein conju-
gates to many cell proteins (including prominent
ISGs, Jak, and STAT) and enhances the effects of
type I IFN, although its mode of action is not
clear.57 Type I IFNs can also increase the CD69
expression and cytotoxic activity of NK cells.58

Especially type II IFN can also induce expression
of genes in, for example, monocytes/macrophages,
such as inducible nitric oxide synthase (iNOS),
resulting in generation of NO that is important
in destruction of bacteria and viruses. Type I
IFNs also increase expression of TLR3, TLR4,
and TLR7.23

With regard to adaptive immunity, type I
IFNs cause DC maturation and activation, with
increased expression of MHC class I and II mol-
ecules, chemokines, and chemokine receptors, as
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well as costimulatory molecules such as CD80,
CD86, the B lymphocyte stimulator (BLyS), and
a proliferation-inducing ligand (APRIL).59 This
promotes development of helper T cells, which
develop along the Th1 pathway, in part because
of IFN-induced expression of IL-12 receptors
and T bet.60,61 Development of cytotoxic T cells 
is also stimulated by type I IFNs, due to an
increase in DC cross-presentation62 and inhibition
of T cell apoptosis.63,64 Type I IFNs also enhance
B-cell activation, differentiation, antibody pro-
duction, and Ig isotype class switching.65–67

Furthermore, type I IFNs promote the production
of several cytokines by NK cells and monocytes/
macrophages/DCs, such as IFN-γ, IL-6, IL-10,
and IL-15.59 Interestingly, type I IFN also poten-
tiates the effects of IFN-γ and IL-668,69 and shifts
the actions of IL-10 from an anti-inflammatory to
a more proinflammatory profile.70

Type II IFNs, that is IFN-γ, have many effects
in common with type I IFNs, as extensively
reviewed.17 The type I and type II IFNs are, 
however, produced by different stimuli and by
different cells in innate immunity, and may
therefore be viewed as complementary IFNs
with important functions in innate immunity. 

In addition, they serve as a bridge between
innate and adaptive immunity. They can be
viewed as ‘stress hormones’ in the immune
system, signaling danger and contributing to its
activation during infections. However, as dis-
cussed below, this also entails an increased risk
of immunization by autoantigens.

ACTIVATION OF THE TYPE I IFN SYSTEM IN
AUTOIMMUNE DISEASES

The type I IFN system has especially in recent
years been implicated in the pathogenesis of sev-
eral autoimmune diseases (Table 19.4). Patients
with SLE frequently display serum levels of IFN-α,
which correlate to activity and severity of the
disease, as well as to markers of immune activa-
tion that are considered important in the disease
process.36,59 The latter include serum levels of 
IL-10, complement activation, and titers of anti-
bodies to dsDNA. High serum IFN-α levels also
associate with fever and skin rashes in SLE.
Blood leukocytes of SLE patients also have
increased levels of the type I IFN-inducible 
protein MxA, indicating ongoing production of
biologically active IFN, probably mostly IFN-α.
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Table 19.3 Immunomodulatory effects of type I and type II IFN

Target cell Effect

Many cells Antiviral effects via induction of antiviral proteins.
Directing cell migrations via induction of cell adhesion molecules (e.g. ICAM-1) 

and chemokines.
Induction of apoptosis and inhibition of cell proliferation

DC Survival, maturation, and activation. Enhanced antigen presentation, cross-presentation to 
Tc cells, and stimulation of Th1 and B cells via, e.g. increased expression of costimulatory 
molecules and MHC class I/II

PDC/NIPC Prolonged survival, increased type I IFN production (type I IFN)
Monocyte/macrophage Up-regulation of TLR2/3/4/7/8. Enhanced antimicrobial activity via increased NADPH oxidase

and iNOS (mainly type II IFN). Differentiation to myeloid DC and inhibition of IL-12 
production (mainly type I IFN)

Th cell Enhanced Th1 differentiation via, e.g. increased expression of IL-12 receptor, IFN-γ, and T bet.
Activation and survival of naive and memory T cells

Tc cell Increased cytotoxic activity, prolonged survival
B cell Enhanced activation and differentiation of plasmablasts to plasma cells, Ig class switch, and 

antibody production
NK cell Enhanced cytotoxicity and IFN-γ production (mainly type I IFN)

ICAM-1, intracellular adhesion molecule-1; DC, dendritic cell; PDC, plasmacytoid dendritic cells; NIPCs; natural IFN-producing cells; 
MHC, major histocompatibility complex; TLR, Toll-like receptor; iNOS, inducible nitric oxide synthase; NK, natural killer.
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This is verified by gene array expression profiles
in blood leukocytes and tissues from SLE
patients, which demonstrate activation of many
type I IFN-stimulated genes.71–73 Type I IFN, and
not IFN-γ, is responsible for this IFN signature,74

but it cannot be excluded that type III IFN also
contributes. The IFN signature appears to be
associated with more active disease, recent onset,
and severe disease manifestations. However,
further longitudinal studies of the IFN signature
in SLE patients are required to determine its
value in predicting and monitoring disease
flares and organ manifestations, as well as treat-
ment response and outcome. The NIPCs/PDCs
appear to be relevant type I IFN producers 
in vivo and can in fact be demonstrated in both
the skin and lymph nodes from SLE patients.75–78

They are probably recruited from blood, which
shows a more than 70-fold reduction of the
number of NIPCs/PDCs.79 Here, the chemokine
receptors CXCR3/CXCR4 on NIPCs/PDCs 
and the chemokines CXCL10/CXCL12 may be
involved,28 as well as the chemotactic agent
chemerin that interacts with the ChemR23 receptor
on NIPCs/PDCs.37,38

Increased serum levels of IFN-α and expres-
sion of IFN-α in pancreatic islets have been
described in insulin-dependent diabetes melli-
tus.80 Furthermore, expression of IFN-α genes in
islets precedes the lymphocyte infiltration and
islet cell destruction in experimental diabetes,
which can be prevented by neutralizing anti-
IFN-α antibodies. Also, increased IFN-α mRNA
expression was found in liver biopsies from

patients with primary biliary cirrhosis.81 In
rheumatoid arthritis (RA), an infiltration of
NIPCs/PDCs and expression of IFN-β and the
type I IFN-inducible protein MxA can be
detected in the synovium.82,83 Patients with der-
matomyositis have a typical IFN gene signature
and IFN-α-producing NIPCs/PDCs in muscle
tissue.84,85

In Sjögren’s syndrome (pSS), IFN-α-producing
cells45 and PDCs86 are present in minor salivary
glands, which also have gene expression profiles
with prominent up-regulation of type I IFN-
stimulated genes.86,87 Furthermore, the ability of
pSS sera to form IFN-α-inducing ICs with apop-
totic cell material was associated with both posi-
tive labial salivary gland score and, for example,
dermatological, hematological, and pulmonary
extraglandular disease manifestations. Patients
with systemic sclerosis also have an IFN signa-
ture at the blood leukocyte level.88 In psoriasis,
patients show increased expression of IFN-α
mRNA and IFN-induced proteins, as well as an
infiltration of IFN-α-producing NIPCs/
PDCs.77,89,90 These NIPCs/PDCs and IFN-α were
furthermore demonstrated to play an essential
role in the development of psoriatic lesions in
human skin in a xenograft model.90 This land-
mark finding directly implicates type I IFN and
NIPCs/PDCs in the pathogenesis of a human
autoimmune disease.

A CAUSATIVE ROLE FOR TYPE I IFN IN
AUTOIMMUNITY

Type I IFN, especially IFN-α and IFN-β, have
been used for more than 25 years for therapy of
several viral and malignant diseases in man.2

Prominent side effects during IFN-α treatment
are occurrence of autoantibodies and autoim-
mune disease.91 For instance, as many as 19% of
patients with malignant carcinoid tumors
treated with IFN-α eventually developed
autoimmune disease and even more often
autoantibodies, including antinuclear and anti-
dsDNA antibodies.92 The types of autoimmunity
include pernicious anemia, autoimmune thy-
roiditis and Grave’s disease, autoimmune hepa-
titis, insulin-dependent diabetes mellitus, RA,
polymyositis, vasculitis, and SLE.93,94 This broad
spectrum of autoimmune diseases may be
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Table 19.4 Autoimmune diseases with evidence
of activation of type I IFN systema

Disease

Systemic lupus erythematosus
Sjögren’s syndrome
Dermatomyositis/polymyositis
Psoriasis
Systemic sclerosis
Insulin-dependent diabetes mellitus (type 1 diabetes)
Rheumatoid arthritis
Autoimmune hepatitis

aExpression of IFN-stimulated genes (the IFN signature) or other
evidence of ongoing type I IFN production.
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explained by a genetic predisposition of individ-
uals to develop a certain autoimmune disease,
and that type I IFN acts as a trigger of a largely
genetically determined autoimmune program.
For instance, as many as 68% of patients with
pre-existing anti-thyroid autoantibodies devel-
oped autoimmune thyroid disease during IFN-α
treatment.92 Several of the side effects seen during
IFN-α therapy, such as fever, fatigue, myalgia,
arthralgia, and leukopenia, are not autoimmune
in nature. Such IFN-α-mediated effects may,
however, also be relevant in certain autoimmune
diseases. The existing data therefore indicate that
type I IFN can initiate autoimmune reactions in
man, and maybe even more efficiently enhance
ongoing autoimmune processes and thereby 
precipitate clinically overt systemic and organ-
specific autoimmune diseases.

It is well established that the genetic back-
ground is important in autoimmune diseases,
and several genes are associated with increased
susceptibility to develop SLE.95 Genes related to
type I IFN could be important, and recent studies
in fact revealed single-nucleotide polymor-
phisms (SNPs) in the genes for tyrosine kinase 2
(Tyk2) and IFN regulatory factor 5 (IRF-5) that
were associated with human SLE.96,97 These two
genes have important functions in the type I IFN
system as described above. However, Tyk2 is
also involved in the function of the receptors 
for several other cytokines that are thought to 
be important in SLE, such as IL-6 and IL-10.98

As a TLR7/8/9-activated transcription factor,
IRF-5 increases the expression of several other
genes involved in cell signaling, apoptosis, cell
cycle regulation, and immune activation.99

Polymorphisms altering the function of Tyk2
and IRF-5 may therefore in many ways facilitate
the development of an autoimmune disease
such as SLE. Still, the association of Tyk2 and
IRF-5 genes with SLE supports the contention
that the type I IFN system has an important role
in the etiopathogenesis of this disease. Several
genes already reported to be associated with SLE
may act via the type I IFN system, for instance,
the gene encoding FcγRIIa, which is important in
the activation of NIPCs/PDCs by interferogenic
ICs, as well as genes for complement factors C1q
and C-reactive protein, which contribute to
clearance of apoptotic cells.95

A role for type I IFN in SLE is also supported
by findings in murine SLE models.59 Thus,
administration of IFN-inducers or exogenous
IFN-α/β to NZB and NZB/W mice worsens the
disease. Furthermore, IFNAR knockout mice
have a dramatically reduced SLE disease.100,101

On the other hand, the absence of a functional
IFNAR in MRL/lpr lupus mice results in aggra-
vated lupus disease,102 indicating important 
differences between experimental murine lupus
models.

TYPE II IFN (IFN-g) IN AUTOIMMUNE DISEASES

IFN-γ has well-established functions in immune
responses, and has for many years been impli-
cated in the etiology and pathogenesis of
autoimmune diseases.103 A few case reports have
described a possible development of SLE during
IFN-γ therapy in man. However, there is no clear
evidence of increased levels of IFN-γ in tissues
and serum in SLE patients, early reports of
increased levels most likely being due to 
IFN-α.104,105 Furthermore, the IFN signatures in
SLE patients are due to type I IFN and not 
IFN-γ.74 This is in contrast to the observations in
MLR/lpr lupus mice, where a clear IFN-γ gene
signature has been described.106

Lupus-prone mice with increased IFN-γ pro-
duction have more severe lupus-like disease and
deficiencies in either IFN-γ or IFNGR ameliorate
the disease.103 Also, neutralization of IFN-γ by
anti-IFN-γ antibodies or soluble IFNGR inhib-
ited lupus in (NZBxNZW)F1 mice.107,108 Finally,
the IFN-γ-inducing cytokines IL-12 and IL-18
accelerate murine lupus and neutralization of
them inhibits disease.109,110 Also in experimental
diabetes, islet destruction can be associated with
IFN-γ. Thus, expression of IFN-γ in β cells
resulted in diabetes in normal mice,111 while
development of the disease in NOD mice was
inhibited in IFNGR−/− mice, but accelerated by
IFN-γ administration.80 Several studies in
murine RA models have demonstrated
increased production of IFN-γ in inflamed joints,
that administration of IFN-γ aggravates the
arthritis, and that inhibition of IFN-γ action ame-
liorates the arthritis.103 However, the opposite
results have been found in other studies, possi-
bly due to stimulatory effects of IFN-γ on the
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immunizing stage in the autoimmune process,
but inhibitory effects on the inflammatory
process.103 Another example of IFN-γ-associated
autoimmune disease is multiple sclerosis, where
impaired IFN-γ function results in more severe
disease in murine experimental allergic
encephalomyelitis, while opposite results were
seen in experimental autoimmune thyroiditis.103

Most of these effects of IFN-γ are compatible
with its fundamental role in the immune
response, promoting, for example, development
of Th1 and Tc cells, as well as B-cell production

of complement-fixing IgG antibodies with high
affinity for Fcγ receptors.

AN ETIOPATHOGENIC MECHANISM FOR
AUTOIMMUNITY INVOLVING THE TYPE I 
IFN SYSTEM

The type I IFN system may trigger and then
maintain autoimmune processes by a vicious
circle-like mechanism (Figure 19.4).36,112,113

Infections by viruses or bacteria can start the
first autoimmune reactions and production and
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Figure 19.4 Hypothetical role of the type I IFN system in the induction and maintenance of autoimmune disease. An initial pro-

duction of autoantibodies can occur during viral or bacterial infections, in part due to induced production of immunostimulatory

type I IFN and other cytokines induced by microbial components (e.g. nucleic acids). Such autoantibodies can form immune com-

plexes (ICs) with autologous DNA or RNA and associated proteins, released by apoptotic or necrotic cells. These ICs act as

endogenous inducers of production of type I IFN and other cytokines (e.g. IL-12 and chemokines) in NIPCs/PDCs via interaction

of RNA/DNA with Toll-like receptors 7–9 (TLR7–9) and autoantibodies with Fcγ receptor IIa (FcγRIIa) (see Figure 19.1). The ICs

can also also stimulate autoantibody-producing B cells via combined interaction with TLR7–9 and with B-cell receptors (BCRs)

specific for IC components. Type I IFN, especially IFN-α, has many immunostimulatory actions that include promotion of matu-

ration of monocyte-derived DCs (moDC), development of T-helper type 1 (Th1) cells and cytotoxic T (Tc) cells, as well as activa-

tion of B cells (double arrows indicate cell interactions). More autoantibodies and interferogenic ICs consequently form, resulting

in continued IFN-α production and IFN-mediated immunostimulation. The autoimmune process is thus maintained by a mecha-

nism with the features of a vicious circle.
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action of type I IFN by NIPCs/PDCs is impor-
tant here, as outlined above, but obviously other
costimulatory cytokines such as IL-12 and IFN-γ
are important. In fact, autoantibodies against, for
example, RNA- and DNA-binding proteins,
often appear during viral infections,114 indicat-
ing loss of self-tolerance to ubiquitous cellular
autoantigens. Possible mechanisms include
functional maturation of DCs, molecular mim-
icry, T-cell epitope spreading, and bystander
activation of T cells, facilitated by type I IFN and
other inflammatory stimuli as described in the
fertile field hypothesis.115 Mechanisms involving
molecular mimicry can explain the linkage of
Epstein–Barr virus (EBV) to SLE, because the
EBNA-1 viral protein cross-reacts with the 
major autoantigens Sm B’, Sm D1, and Ro60.116

Autoantibodies directed to nucleic acid-associated
proteins or nucleic acids have also been detected
in individuals long before development of
SLE.117 When such autoantibodies are available,
they can form ICs by combining with apoptotic
or necrotic cell material that contains interfero-
genic DNA or RNA. Such ICs are continuously
formed and can activate the TLR7/9 of NIPCs/
PDCs and could thus cause a prolonged produc-
tion of type I IFN in the absence of exogenous
inducers, such as virus or bacteria. Obviously,
other cytokines produced besides type I IFN are
also relevant, including type III IFN, chemokines,
IL-6, and IL-12 (see above). The activated
NIPCs/PDCs can in this way promote autoim-
munity by enhancing DC maturation, T-cell acti-
vation, and stimulation of B cells (see above).
Autoreactive B cells can also be more directly
activated by DNA- or RNA-associated autoanti-
gens via combined interaction with BCR and
either TLR9 (DNA) or TLR7 (RNA), a process
markedly enhanced by IFN-α.118,119 This will
selectively enhance production of autoantibodies
that can form interferogenic ICs. More immuno-
genic and IFN-inducing material can be gener-
ated by increased apoptosis or necrosis (e.g. due
to infections and ultraviolet light), and both
increased apoptosis and decreased clearance of
apoptotic cell material are seen in SLE.120

Furthermore, type I IFN can increase both apop-
tosis56,121 and the expression of autoantigens.122

It has also been proposed that MHC class I up-
regulation caused by type I IFN in tissues makes

them a target for autoimmune attack by cyto-
toxic T cells.123

A process with features of a vicious circle is
therefore established, which maintains the
autoimmune process by continuously exposing
the immune system to endogenous type I IFN-
inducers and to the type I IFN (and other
cytokines) produced by the NIPCs/PDCs. This
causes activation of more autoimmune T and 
B cells, and further production of autoantibodies
that form interferogenic ICs. The activity of the
vicious circle is also increased by recruitment of
new NIPCs/PDCs to tissues by chemokines and
priming of these cells by, e.g. type I IFN. The
priming by type I IFN is essential for activation of
NIPCs/PDCs and B cells, and the activity of the
vicious circle may decrease if type I IFN produc-
tion subsides. Activation of the latter (e.g. during
viral infections) may then reactivate the vicious
circle, explaining disease flares observed in SLE
patients during infections. On the other hand
cytokines that limit the activity of NIPCs/PDCs,
especially IL-10 and TNF-α, may serve as a bene-
ficial negative feedback mechanism in SLE.124 The
activities in the vicious circle described above
most likely occur in the lymphoid organs.

While our hypothesis was originally pro-
posed to explain part of the etiology and patho-
genesis of SLE, a similar model has also been
suggested to operate in pSS.45,125 Here, it is 
envisioned that the vicious circle also operates in
the major target organs, i.e. the salivary and
lacrimal glands, especially in connection with
lymphocytic foci.

A major feature of this vicious circle hypothe-
sis is the formation of ICs with autologous RNA
or DNA that act as TLR7/8/9-dependent activa-
tors of NIPCs/PDCs. Whether interferogenic IC
is always the cause of the type I IFN production
remains to be determined. However, the fact that
NIPCs/PDCs are activated in psoriasis patients
that lack detectable antibodies to RNA or DNA
and associated protein autoantigens indicates
that other endogenous type I IFN-inducers exist.

THERAPEUTIC TARGETS

The connection between the type I IFN system
and autoimmune disease suggests that down-
regulation of this system could be a therapeutic
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approach and many potential therapeutic tar-
gets exist (Table 19.5). In fact, two effective ther-
apeutic agents in SLE, chloroquine and
glucocorticoids, inhibit IFN-α production by
NIPCs/PDCs126,127 and down-regulate the IFN
signature,128 but have many other effects. The
foremost therapeutic target in SLE may be IFN-α,
and a humanized monoclonal anti-IFN-α anti-
body that neutralizes all IFN-α subtypes has
been developed.129 Another therapeutic option is
soluble IFNAR that binds to and neutralizes
type I IFN.130 The NIPCs/PDCs could also be
directly targeted by human monoclonal antibodies
(mAbs) to their specific marker BDCA-2, and 
ligation of this molecule inhibits their IFN-α
production.29,131 The NIPCs/PDCs must also enter
lymphoid organs through the high endothelial
venulae or inflamed peripheral tissues such as
skin and intestinal mucosa via vascular endothe-
lial cells. Here, blockade of the action of relevant
chemotactic agents are potential therapeutic tar-
gets, including the interaction of chemerin, and
the chemokines CXCL10 (IP-10) and CXCL12
(SDF-1) with their receptors. Other possible ther-
apeutic approaches include elimination of the
DNA or RNA in endogenous IFN-α-inducers,
and DNase treatment has already been tried in

SLE patients, but without clear therapeutic
effect.132 Perhaps RNase should be added to
destroy RNA-containing inducers as well. The
tolerogen LPJ 394 that reduces the level of anti-
dsDNA antibodies in SLE has only a moderate
effect on disease activity,133 not surprisingly con-
sidering that other autoantibody specificities are
important in interferogenic ICs. There are sev-
eral ways to prevent the action of interferogenic
ICs on NIPCs/PDCs, including blockade of
FcγRIIa by specific antibodies30 and inhibition of
TLRs by oligodeoxyribonucleotide (ODN) or
oligoribonucleotide (ORN) TLR antagonists.134

Signaling molecules downstream of the TLRs,
such as MyD88, IRAK-1, IRAK-4, IRF-5, and IRF-7,
are also potential therapeutic targets, especially
those with kinase activity. The IFNAR may also
be targeted by antagonists, for instance antibod-
ies blocking receptor interaction with type I
IFN.135 Signaling molecules used by the IFNAR
are also possible targets, inhibitors of Tyk2 being
one example. Finally, the induced expression of
type I IFN-stimulated genes (ISGs) could be
blocked by, for example, histone deacetylase
inhibitors.136,137

Consequently, there are many therapeutic
target molecules in the type I IFN system.
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Table 19.5 Therapeutic targets within the type I IFN system

Target Type of drug Effect

Interferogenic RNA or DNA Nucleases Eliminate IFN-inducing nucleic acids
Autoantibodies Tolerogen/B-cell depletion Inhibit formation of interferogenic immune 

complexes
Fcγ receptor IIa Antagonist Inhibit uptake of interferogenic immune 

complexes
Type I IFN Soluble IFN receptors or Eliminate biologically active IFN

neutralizing antibodies
Type I IFN receptor Antagonist Prevent interaction of IFN with receptors
Type I IFN receptor associated Tyrosine kinase (Tyk2, Jak1) Inhibit signaling from type I IFN (and other) 

kinases inhibitors receptors
Toll-like receptors (TLR) 7–9 Inhibitory ORN or ODN Inhibit binding of stimulatory nucleic acids
TLR7–9 associated kinases Serine/threonine kinase Inhibit activation of transcription factors  

(e.g. IRAK-1, -4) inhibitors IRF-5 and IRF-7
IFN-inducible genes Histone deacetylase inhibitors Inhibit IFN-stimulated gene transcription
Plasmacytoid dendritic cells (PDCs) Anti-BDCA-2 antibodies Inhibit production of IFN by PDCs
Plasmacytoid dendritic cells Chemokine and chemerin Prevent PDCs homing to tissues

(PDCs) antagonists

ORN, oligoribonucleotide; ODN, oligodeoxyribonucleotide.
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Several of these molecules have many other
functions in the immune system and inhibition
of their action can have additional beneficial
effects, besides those on the type I IFN system.
The results of the clinical trials aiming at down-
regulating the activity of the type I IFN system
will therefore be of great interest, because they
will provide the crucial proof that this system
indeed has a pivotal role in human autoimmune
disease. Therapeutic agents that are developed
to inhibit the activity of the type I IFN system
may in fact be of value in many autoimmune
diseases (cf. Table 19.5). However, given the
important role of the IFN system in the normal
immune response, such treatment may increase
the susceptibility to infectious agents. For the
future, the roles of type II IFN (IFN-γ) and type
III IFN also remain to be considered in the
etiopathogenesis of autoimmunity and explored
as therapeutic targets.
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INTRODUCTION

Bone loss is associated with several diseases,
most notably rheumatoid arthritis (RA). Focal
bone erosions appear to be a very early feature
of RA and are associated with disease severity
and long-term functional impairment, making
targeted therapy for focal bone erosion an
important goal of treatment. Bone erosion occurs
in other rheumatic diseases, including psoriatic
arthritis (PsA). Therefore, clear delineation of
the mechanisms of bone destruction in rheuma-
tologic diseases is necessary for the development
of effective therapies to prevent and control this
disease process. The characterization of the 
central roles of receptor activator of NF-κB ligand
(RANKL) and osteoprotegerin (OPG) in physio-
logic bone remodeling has facilitated many of
the recent advances in our understanding of
pathologic bone loss. OPG, initially described as
a negative regulator of bone mass, was subse-
quently shown to effectively inhibit the forma-
tion and function of bone resorbing osteoclasts
by functioning as a decoy receptor for RANKL.
Therefore, pharmacologic blockade of RANKL
by OPG, or agents mimicking the actions of OPG,
is a logical strategy for regulating pathologic

bone loss. Importantly, however, an optimal
therapy for preventing pathologic bone destruc-
tion would block bone erosion in a targeted 
fashion without compromising general skeletal
integrity.

We have previously provided an overview of
the literature demonstrating the critical opposing
roles of OPG and RANKL in regulating bone
mass, as well as the evidence implicating
RANKL as a key cytokine in the pathogenesis of
focal bone erosion in RA.1 Additionally, we 
discussed preliminary data examining the utility
of OPG as a therapeutic agent in animal models
of inflammatory arthritis and the potential con-
tribution of other cytokines, particularly tumor
necrosis factor (TNF) and interleukin (IL)-1, to
osteoclastogenesis in inflammatory arthritis.
Finally, we raised several caveats in the use of
OPG as a targeted therapy for bone destruction,
including the potential interaction with TNF-
related apoptosis-inducing ligand (TRAIL). This
chapter will provide an update of recent devel-
opments in our understanding of the regulation
of bone resorption in RA and PsA, with a partic-
ular focus on blockade of RANKL as a targeted
therapy for focal bone erosion and systemic
osteoporosis in these diseases.
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RANKL AND OPG: OPPOSING ACTIONS IN 
BONE REMODELLING

Physiologic bone remodelling is primarily
achieved through the coordinated and balanced
activity of osteoblasts, cells that form bone, and
osteoclasts that resorb bone. In physiologic bone
remodeling, ‘coupling’ between bone resorption
and bone formation is achieved in part through
the expression of RANKL and OPG by bone
lining cells of the osteoblast lineage.2 RANKL is
an essential factor for osteoclastogenesis in vivo.3–5

RANKL signals its biologic effects through
receptor activator of NF-κB (RANK), a receptor
expressed on the surface of myeloid lineage
osteoclast precursor cells and mature osteo-
clasts, resulting in the activation of specific 
intracellular signaling pathways. Signaling down-
stream of RANK is mediated in part through the
adaptor proteins TNF receptor-associate factor
(TRAF)-2, TRAF-5, and TRAF-6, leading to acti-
vation of NF-κB, as well as the Akt and mitogen-
activated protein kinase (MAPK) pathways.6–9

Activator protein (AP)-1 is a transcription factor
complex essential in the process of osteoclasto-
genesis that is activated downstream of RANK
signaling by both TRAF-6-dependent and 
-independent pathways.9–13 More recently, sig-
naling through RANK has been demonstrated to
activate nuclear factor of activated T cells c1
(NFATc1), which is a key transcriptional regula-
tor of osteoclastogenesis.13–15 The role of many of
these signaling molecules and transcription fac-
tors in osteoclastogenesis has been confirmed by
animal models in which these pathways have
been genetically modified.10,13,16–19 The evidence
suggests that it is the combination of simultane-
ous activation of NFATc1, AP-1, and NF-κB by
RANK that induces osteoclast differentiation
and function (reviewed by Takayanagi).20

The RANKL–RANK interaction provides a
very powerful signal for osteoclastogenesis, as it
stimulates multiple stages of osteoclast differen-
tiation and activity including maturation, migra-
tion, fusion, activity, and survival.3,21–26 OPG, a
soluble decoy receptor for RANKL, blocks all of
the biologic effects of RANKL.27–30 Thus, it is the
balance between RANKL and OPG expression
that determines the degree of osteoclast differen-
tiation and function and ultimately the degree of
bone resorption in a given setting.31

RANKL-INDUCED OSTEOCLASTOGENESIS IN RA
FOCAL BONE EROSION

There is compelling evidence provided by
animal studies implicating osteoclasts as the pri-
mary cell type responsible for focal bone erosion
in inflammatory arthritis, and RANKL as a criti-
cal cytokine in osteoclast generation and activity
at the erosion site.32–36 This paradigm is also 
supported by evidence from studies in RA. Both
RANKL and OPG are expressed in cells derived
from RA synovial tissues32,37–44 and osteoclasts
have been demonstrated at sites of focal bone
erosion in RA tissues.37,45,46 An increase in the
RANKL/OPG mRNA expression ratio has been
demonstrated in RA synovial tissues, correlating
with the degree of in vitro osteoclastogenesis and
bone resorption.42 The RANKL/OPG ratio is 
significantly higher in RA synovium compared
with other inflammatory joint diseases and with
osteoarthritis.40,47 Additionally, this ratio corre-
lates with disease activity.40 We recently demon-
strated expression of RANKL protein at sites of
RA focal bone erosion, adjacent to RANK+ osteo-
clasts and their precursor cells,44 as had been
previously shown in the CIA (collagen-induced
arthritis) model of inflammatory arthritis.48

Additionally, OPG protein expression at these
sites was limited, suggesting that in RA the
RANKL/OPG balance contributes to the genera-
tion of a pro-osteoclastogenic microenvironment
at the pannus–bone interface, resulting in focal
bone erosion.44 The exact cellular sources of
RANKL and OPG at sites of focal bone erosion
in RA have yet to be definitively identified.
Osteoblast lineage cells,46,49 T cells,37,39,41 and 
synovial fibroblasts37,38,41 are all possible cellular
sources of RANKL at sites of RA focal bone 
erosion. Elucidation of the identity of the
RANKL-expressing cells, as well as detailed
characterization of the cellular composition in
and adjacent to sites of focal bone erosion, are
important to the further characterization of the
pathogenic events involved in this process.

OPG TREATMENT IN ANIMAL MODELS OF
ARTHRITIS

Studies investigating the pathogenesis of focal
bone erosion in animal models of arthritis with
differing induction and effector mechanisms
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have provided convincing evidence for the criti-
cal role of RANKL, and of osteoclasts, in focal
bone erosion in inflammatory arthritis. OPG
treatment in the rat adjuvant-induced arthritis
model (AIA)32 demonstrated only minimal loss
of cortical and trabecular bone in OPG-treated
animals compared with severe bone loss in
untreated control animals. Accordingly, osteo-
clast numbers were also dramatically reduced in
the joints of treated animals.32 These observa-
tions were extended in a study from our own
laboratory investigating the K/BxN serum trans-
fer arthritis model in RANKL-deficient mice.33

This study demonstrated that in the absence of
RANKL there was a complete lack of osteoclasts
and dramatic protection from bone erosion. 
As the serum transfer arthritis model bypasses
direct T-cell involvement in inflammation, this
experimental strategy avoided blocking the
potential contributions of RANKL to arthritic
inflammation. We accordingly observed equiva-
lent levels of inflammation in both arthritic
RANKL-deficient and arthritic control mice.33

These findings were confirmed by the absence of
osteoclast formation and focal bone erosion in
arthritic c-fos-deficient mice. c-fos-deficient 
mice are osteopetrotic, as this transcription
factor is required for the differentiation of osteo-
clast precursor cells to osteoclasts. When crossed
with the human TNF transgenic (hTNFtg) 
mice that develop spontaneous inflammatory
arthritis, arthritic c-fos−/−hTNFtg mice were fully
protected against bone destruction even though
inflammation was demonstrated to be equivalent
in arthritic c-fos−/−hTNFtg and c-fos+/+hTNFtg
mice.34 There was no difference in the composi-
tion of the cellular infiltrate or matrix metallo-
proteinase (MMP) production among these
groups.34 Similarly, arthritic RANK−/−hTNFtg
mice, also osteopetrotic due to a defect in osteo-
clastogenesis, demonstrated an absence of focal
articular bone erosion in joints. However, the
degree of bone erosion and inflammation in this
study was not assessed in detail.50

Several additional studies have examined the
use of OPG-Fc (referred to as OPG for the
remainder of this chapter) as a treatment strategy
for the prevention of focal bone erosion in vari-
ous animal models of inflammatory arthritis.
We previously reviewed several of these studies,

which demonstrated protection from bone erosion
in hTNFtg arthritis51 and CIA.36 OPG-mediated
protection from focal bone erosion has subse-
quently been confirmed in both AIA and CIA by
more recent studies.52,53 Additionally, RANKL
protein expression was increased both in
inflamed joints and systemically in both the CIA
and AIA models in the early stages of arthritis.
This increase in RANKL protein was associated
with periarticular and systemic osteopenia in
both of these inflammatory arthritis models.52

A detailed kinetic and dose-ranging study of
OPG therapy in the rat AIA model demonstrated
that OPG protects from bone erosion in a dose-
and schedule-dependent manner. Although
most effective when given early in disease, 
OPG therapy was demonstrated to arrest bone
erosion when given at any time during the evo-
lution of arthritis.54 OPG treatment had pro-
longed efficacy with regard to bone preservation
and osteoclasts were eradicated even when OPG
was given at peak of disease.54,55 However, there
was limited effect on bone integrity when OPG
treatment was administered at disease peak due
to the presence of pre-existing destruction.55

These observations highlight the potential advan-
tage of aggressive, early use of anti-resorptive
therapies for preserving joint integrity in inflam-
matory arthritis.56

OPG therapy had no effect on the severity of
inflammation in any of the animal models previ-
ously discussed.32,36,51,54,55 This lack of effect of
OPG treatment on the inflammatory process is
somewhat surprising in view of the potential role
that RANKL plays in adaptive immunity.4,21,57,58

OPG treatment may cooperate with other 
disease-modifying agents to decrease inflamma-
tion, as was indicated by additive suppressive
effects of OPG in combination with anti-TNF
therapy in the hTNFtg arthritis model.59

However, this observation was not corroborated
by a study in the CIA animal model that also
examined combination therapy with OPG plus
anti-TNF and observed no additional decrease
in inflammation with combination therapy 
compared to anti-TNF therapy alone.60 The 
minimal effect of OPG treatment on inflamma-
tion is supported by a study that investigated
the outcome of OPG therapy on cellular and
humoral immune responses.61 In vivo immune
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regulatory effects of OPG were shown to be 
mild and were predominantly limited to
improved humoral responses in T-cell-dependent
and -independent models of antibody-mediated
immunity.61 Although the evidence suggests
that OPG treatment does not have a major effect
on the immune response, this potential compli-
cation of long-term OPG treatment should con-
tinue to be monitored.

COMPARISON OF OPG TO OTHER ANTI-RESORPTIVE
THERAPIES IN ARTHRITIS MODELS

Bisphosphonates, which inhibit osteoclast activity
and survival, are the current standard therapy
for systemic bone resorption. Several studies
have examined the use of bisphosphonates in
RA but with varying success.62–65 Studies in
animal models of arthritis have compared the
efficacy of OPG and bisphosphonate treatment
for the prevention of focal and systemic bone
loss. One such study using the hTNFtg model
demonstrated similar efficacy of OPG and
pamidronate in reducing the size and number of
bone erosions, with the combination of these
therapies demonstrating additive effects on
these disease outcomes.51 Two studies, one in the
rat CIA model66 and one in the hTNFtg arthritis
model,67 demonstrated that the potent bisphos-
phonate zoledronic acid significantly prevented
focal joint destruction when administered at dis-
ease onset. In the CIA study, zoledronic acid
treatment reduced histologic and radiographic
measures of focal bone erosion and juxta-articular
bone loss, including decreased osteoclast surface
and osteoclast number in inflamed joints.66

In the hTNFtg study, focal bone erosions were
reduced by 95% in animals treated with
repeated doses of zoledronic acid and synovial
osteoclast numbers were also significantly
reduced.67 Similarly, incadronate was demon-
strated to suppress radiologic and histologic
measures of joint destruction in established rat
AIA in a dose-dependent manner.68

These studies support the hypothesis that bis-
phosphonate therapy is a viable treatment strat-
egy for protection against joint damage in RA
and that this protection is achieved through the
reduction of osteoclast numbers at sites of
arthritic inflammation.66,67 A recent study in a

small cohort of early RA patients demonstrated
that hand and wrist erosions (measured by mag-
netic resonance imaging) were decreased by 61%
in zoledronic acid-treated patients compared
with the placebo group, supporting the proposi-
tion that bisphosphonate therapy can prevent
focal bone erosion in RA.69 However, a study
investigating two models of hypercalcemia of
malignancy demonstrated that OPG treatment
was a more effective therapy than pamidronate
or zoledronic acid with regard to preventing
bone destruction, suggesting that OPG treat-
ment, or other methods of directly targeting
RANKL function, may be a superior therapeutic
strategy.70

TNF and IL-1 are key regulators of inflamma-
tion in RA and have also been demonstrated 
to have both direct and indirect positive effects 
on osteoclast generation, function, and/or 
survival.71–76 Induction of experimental arthritis
in either RANKL-deficient33 or RANK-deficient50

mice suggests that the contribution of TNF and
IL-1 to osteoclast generation or function in
inflammatory arthritis cannot occur in vivo in the
absence of RANKL induction of RANK-specific
signaling pathways. Additionally, in collabora-
tion with Dr Benoist and colleagues, we demon-
strated that TNF is not required for bone erosion
in the K/BxN serum transfer model of arthritis.
In arthritic TNF-deficient or arthritic TNF receptor
I/II-deficient mice, osteoclast-mediated bone
erosion was present, and the degree of bone 
erosion was proportionate to the severity of
inflammation.77 These observations are sup-
ported by a more recent study, also using the
K/BxN serum transfer model in TNF receptor
I/II-deficient chimeric mice.78 Taken together,
these studies support the hypothesis that
RANKL is required for the generation of osteo-
clasts and subsequent bone erosion in inflamma-
tory arthritis.

Interestingly, recent evidence suggests that
TNF mediates its pro-osteoclastogenic activity
through IL-1-mediated up-regulation of RANKL
expression.79 Clinical trials using recombinant
human IL-1 receptor antagonist demonstrated
bone-sparing effects in RA patients and the 
ability to prevent the development of new bone 
erosions.80 However, IL-1 blockade in the hTNFtg
model is not as effective as TNF blockade at
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reducing osteoclast numbers or bone erosion.59

This may reflect the nature of the animal model,
which is TNF-driven, or the mechanism of action
of the drug used, which requires greater than
95% IL-1 receptor occupancy to achieve effective
blockade. Of note, therapy with both TNF- and
IL-1-blocking agents in this model resulted in
dramatic attenuation of all disease measures,
including bone erosion.59 Therefore, the anti-
resorptive effects of these treatments may be a
consequence of indirect mechanisms including
reduced inflammation and subsequently
reduced production of pro-osteoclastogenic fac-
tors or may be a combination of both direct and
indirect actions. It is of major clinical interest to
delineate the mechanism of the bone-sparing
effects of anti-TNF and anti-IL-1 therapies in RA
and compare and contrast these to the potential
utility of OPG.

Recent studies in animal models of arthritis
have undertaken detailed comparisons of
monotherapy and combination therapy using
OPG and/or anti-TNF and/or anti-IL-1 agents.
In the hTNFtg arthritis model, Zwerina et al. 
initiated therapy at the onset of disease using
either anti-TNF alone (infliximab), anti-IL-1
alone (anakinra), OPG alone (OPG-Fc), the three
possible dual combinations of these agents, and
triple therapy.59 In this TNF-driven animal
model, anti-TNF was the only monotherapy that
inhibited inflammation (51% decrease), while
anti-TNF in combination with either anti-IL-1
(91% decrease) or OPG (81% decrease) demon-
strated additive effects resulting in dramatic
reduction of inflammation.59 Bone erosion and
osteoclast numbers in inflamed joints were also
assessed after mono-, dual or triple therapy.
Anti-TNF showed greater reduction in bone 
erosion and osteoclast number than either OPG
or anti-IL-1 mono-therapies. Additionally, OPG
in combination with either anti-TNF or anti-IL-1
was equal to or less potent than anti-TNF alone.
Dual therapy of anti-TNF plus anti-IL-1 and
triple therapy completely blocked bone erosion
and greatly reduced osteoclast formation.59 The
greater efficacy of anti-TNF therapy in this study
may be a direct reflection of the pathogenic
mechanism of the arthritis model being driven
by overexpression of TNF. Additional studies in
other arthritis models with varying disease

induction and effector mechanisms are needed
to further elucidate the hierarchy of signals ulti-
mately leading to focal bone erosion.

Two recent studies have addressed the ques-
tion of whether combining either anti-TNF or
OPG therapy with the bone anabolic action of
parathyroid hormone (PTH) can improve bone
structural outcomes in inflammatory arthritis.
Strikingly, both studies showed that the combi-
nation of either anti-TNF or OPG with PTH in
AIA, CIA, and hTNFtg arthritis models effec-
tively ablated bone erosion and also resulted in
bone repair.53,81 This line of investigation is of
obvious interest to the field of rheumatology and
further investigation of the ability to prevent
bone erosion while simultaneously inducing
targeted bone repair is warranted.

OPG THERAPY MAY ALSO PREVENT SYSTEMIC
OSTEOPENIA/OSTEOPOROSIS AND 
JUXTA-ARTICULAR OSTEOPENIA IN RA

Fewer studies have focused on the mechanisms
and prevention of juxta-articular and systemic
bone loss in animal models of arthritis. Evidence
from investigation of systemic bone loss suggests
that OPG therapy inhibits arthritis-associated
systemic bone loss.82–84 In the CIA and AIA
models, OPG treatment initiated 4 days after 
disease onset prevented systemic osteopenia.52

When given at disease onset, OPG completely
prevented systemic bone loss in the hTNFtg
arthritis model, an outcome that was not
achieved by treatment with pamidronate or anti-
TNF.35 Additionally, OPG treatment initiated 
5 weeks after disease onset was also effective in
preventing further systemic bone loss in this
arthritis model.81 Similarly, treatment of the
hTNFtg model with the potent bisphosphonate
zoledronic acid demonstrated a significant 
protection against systemic bone loss.67 This 
evidence supports the hypothesis that systemic
bone loss in inflammatory arthritis models is
also mediated by osteoclasts, and that targeting
RANKL to prevent or arrest this disease process
is a logical approach.

Notably, combination therapy with OPG plus
PTH initiated 5 weeks after disease onset in the
hTNFtg arthritis model demonstrated not only
prevention of new bone erosion but complete

OSTEOPROTEGERIN 255

9781841844848-Ch20  8/9/07  3:25 PM  Page 255



reversal of systemic bone loss to normal levels of
bone density. This effect was attributed to both a
reduction of osteoclast numbers and stimulation
of osteoblasts in treated animals, as demon-
strated by histomorphometric measures of
osteoclast and osteoblast number and function.81

In contrast, this study demonstrated that OPG
therapy alone had negative effects on the
number of osteoblasts on the surface of bone
within affected joints,81 indicating a potential
adverse skeletal outcome of OPG treatment.85

These observations raise the concern that long-
term inhibition of osteoclastogenesis may result
in reduced skeletal integrity through decreased
bone turnover, a possibility that will need to be
closely monitored in future clinical trials using
this therapeutic strategy.

Peri- or juxta-articular bone loss is an early
feature of RA that occurs in trabecular bone
adjacent to inflamed joints and often precedes
focal bone erosion.86 Five studies in animal
models of arthritis have provided preliminary
evidence to support the hypothesis that osteo-
clasts are also important cellular mediators of
juxta-articular bone loss. Three separate studies
in mouse or rat CIA demonstrated preservation
of juxta-articular bone after treatment with
either OPG36,60 or zoledronic acid,66 providing
preliminary evidence that osteoclasts are medi-
ating this process. Similarly, treatment of the 
rat AIA model from disease induction with
either clodronate87 or incadronate,88 led to 
prevention of juxta-articular bone destruction. 
More detailed studies addressing whether this
disease process is a result of RANKL-stimulated,
osteoclast-mediated bone loss are needed.
Specifically, detailed investigation (including
bone mineral density (BMD) and histomor-
phometic assessment) of juxta-articular bone
protection should be performed in several
animal models of arthritis in the setting of
RANKL signaling blockade.

WILL OPG BE USEFUL FOR PREVENTING BONE
EROSION IN OTHER FORMS OF ARTHRITIS?

PsA also has associated arthritic focal bone
destruction and, as in RA, bone erosion in PsA
involves the aberrant generation and activation
of osteoclasts. Osteoclasts have been demonstrated

in resorption pits at the pannus–bone interface
in PsA tissues.89 Additionally, robust RANKL
protein expression was demonstrated in synovial
lining cells, contrasting with OPG expression,
which was reported to be minimal. Intriguingly,
elevated numbers of RANK+ potential osteoclast
precursor cells have been observed in both the
peripheral blood and joint tissue samples con-
taining synovium and bone from PsA patients.89

The ability of TNF to increase the number of
available osteoclast precursors is supported by
studies in the hTNFtg animal model, which
demonstrated that TNF signaling, but not signal-
ing through RANK, is associated with a robust
increase in splenic and circulating osteoclast pre-
cursors.50,90 Of note, the number of peripheral
potential osteoclast precursor cells was signifi-
cantly reduced in PsA patients after anti-TNF
therapy.89 These results suggest that TNF may
be contributing to bone erosion, at least in part,
through increasing the number and availability
of osteoclast precursor cells. It would also be of
interest to determine if TNF-mediated mobiliza-
tion of osteoclast precursor cells also occurs in
other inflammatory arthritides, particularly RA.
Few studies have directly investigated the mech-
anisms of bone destruction in other autoimmune
diseases that have local and/or systemic bone
destruction.46,91–95 Delineation of these mecha-
nisms will help determine whether osteoclast-
targeted therapies will have ‘universal’ or
disease-specific bone protective effects.

THE UTILITY OF SERUM RANKL AND OPG
LEVELS IN PREDICTING BONE RESORPTION

The question has been raised as to whether
serum RANKL and/or OPG levels can be used
as markers of bone resorption activity in disease.
In healthy subjects, OPG levels in serum are pos-
itively correlated with age, suggesting that there
is a compensatory increase in OPG to protect
against increased bone resorption in later life.96–101

However, a study in a large healthy twin cohort
indicated that serum RANKL and OPG levels
have only a weak association with BMD.102

In the setting of disease, the current data are 
conflicting. In postmenopausal osteoporosis,
serum OPG levels have been found to be higher
in osteoporotic women compared with controls,98,103

256 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch20  8/9/07  3:25 PM  Page 256



negatively related to BMD,104 unrelated to
BMD,96,105 positively associated with BMD,106

and associated with vertebral fracture.100,106

In contrast, serum RANKL levels are commonly
undetectable in healthy and postmenopausal
women,106,107 and data suggest that RANKL serum
levels are not correlated with age in either sex.101,108

In RA patients the positive association of OPG
with age is lost, supporting the hypothesis that
bone metabolism is altered in this disease.93,108

Serum OPG and RANKL levels in RA have been
shown to be elevated compared with healthy
controls; however, the ratio of this receptor–ligand
pair was similar in the two groups. Additionally,
anti-TNF therapy normalized serum RANKL
and OPG levels without altering the RANKL/
OPG ratio.108 Another study in long-standing
RA and osteoarthritis (OA) observed no differ-
ence in RANKL or OPG serum levels between
these disease groups.109 In another study, serum
OPG levels in OA were similar to healthy controls,
while somewhat surprisingly, serum RANKL was
higher in OA than in healthy controls.110 Finally,
elevated serum RANKL levels have been
reported in and associated with severity in oste-
olytic diseases (including prosthesis aseptic
loosening, giant cell tumors, osteitis, primary
benign bone tumors, tumors of soft tissues,
hematologic malignancies, primary malignant
bone tumors, and bone metastases from other
primary origins),111,112 but no change in OPG
was observed compared to healthy controls.111

Overall, the data with regard to the prognostic
value of either RANKL or OPG serum level as
resorption indicators are contradictory. Further
investigation is needed before the utility of
serum OPG or RANKL levels as prognostic tests
for bone resorption in rheumatologic and oste-
olytic diseases can be determined.

TARGETING THE RANKL/OPG CYTOKINE SYSTEM

RANKL is predicted to be an important thera-
peutic target in many diseases in which bone
loss is a cardinal feature. As a ‘proof of princi-
ple’, an initial human trial in 2003 using OPG
therapy to block RANKL in a cohort of post-
menopausal women demonstrated that a single
dose of OPG resulted in a sustained reduction 
in systemic markers of bone resorption.113

Additional strategies targeting RANKL that
mimic that action of OPG have subsequently
been investigated. Cheng et al. designed exo-
cyclic peptidomimetics based on their ability to
mimic OPG in computer modeling of the
OPG–RANKL interaction. These small molecule
OPG simulators inhibited in vitro osteoclastoge-
nesis (although not as efficiently as OPG), 
in vitro bone resorption, and in vivo bone loss in
the mouse ovariectomy model.114 Onyia et al.
used an alternative approach and successfully
performed high through-put screening for small
molecule stimulators of OPG expression. The
most potent of these was able to stimulate OPG
mRNA and protein expression in osteoblasts,
prevent anabolic bone responses in vivo,
decrease cancer metastases to bone in an animal
model and, of particular relevance to this chapter,
prevent bone destruction in the rat AIA
model.115 These studies support the hypothesis
that small molecule regulators of RANKL and
OPG will likely be a fruitful approach to drug
design for prevention of bone destruction.

Denosumab (AMG 162), a human monoclonal
antibody to RANKL, is currently under investi-
gation as a therapeutic strategy for preventing
bone loss. The anti-resorptive activity and safety
of denosumab was recently evaluated in a cohort
of postmenopausal women in a randomized,
double-blind, placebo-controlled, single subcu-
taneous dose, dose escalation trial.113 This study
showed that denosumab was well tolerated, 
and resulted in a dose-dependent rapid and 
sustained decrease in systemic markers of 
bone resorption with a more delayed decrease in
bone formation markers.113 One advantage of
denosumab is that it appears to have a signifi-
cantly longer half-life than OPG in cynomolgus
monkeys, suggesting that this therapy will
require less frequent administration.116 Further
development and testing of this and other thera-
peutic strategies targeting osteoclasts are highly
anticipated.

ADDITIONAL CONSIDERATIONS

The critical role of the RANKL/RANK/OPG
cytokine-receptor system in physiologic bone
remodelling raises the question of whether effec-
tive long-term inhibition of this pathway will
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have detrimental effects on the skeleton. Studies
have yielded mixed results with regard to the
possible detrimental outcome of targeting this
pathway on fracture healing.117–123 However,
evidence does indicate that bone formation rates
may be inhibited by OPG therapy,113,124,125 likely
as a result of loss of osteoclast–osteoblast 
coupling.85 In particular, assessments of the
accumulation of bone micro-damage and frac-
ture healing need to be closely monitored in the
setting of RANKL blockade.

The ability of OPG and other anti-RANKL
therapies to protect against cartilage destruction
in arthritis is still unclear. Evidence from studies
in animal models of arthritis has provided con-
flicting observations. Protection from cartilage
destruction after OPG treatment was observed
in the rat AIA model.32 We demonstrated partial
protection from cartilage destruction in the
serum transfer model in the absence of RANKL.
However, detailed histologic analysis suggested
that this was an indirect effect due to protection
of underlying subchondral bone.33 In the arthritic
c-fos−/−hTNFtg model, detailed analysis (includ-
ing quantitation of proteoglycan loss, cartilage
destruction, and MMP expression) demon-
strated no protection from cartilage destruction
despite dramatic protection from focal bone 
erosion.34 The expression of RANKL, RANK, and
OPG mRNA and protein has been demonstrated
in chondrocytes in vivo in some studies126–128 but
not confirmed in others.129,130 However, stimula-
tion of primary human chondrocytes with
RANKL did not result in any changes in chon-
drocyte gene expression, NF-κB activity, or 
production of collagenase or nitric oxide,127 indi-
cating that RANKL does not directly activate
chondrocytes in vitro. In the growth plate of
OPG knockout (KO) mice, cartilage was demon-
strated to be abnormal, an observation that 
was associated with the accumulation of 
TRAP-expressing osteoclast-like cells at the
chondro-osseous junction. Electron microscopy
demonstrated that these osteoclast-like cells
formed resorption lacunae with clear zones, but
not ruffled borders, on the cartilage matrix.131

Theses cells are likely to be what has been
referred to in the literature as ‘chondroclasts’.132

Interestingly, treatment of OPG KO with OPG
partially rescued the growth plate defect in these

mice, suggesting that the RANKL/OPG system
may control chondroclast generation and/or
function.131 Therefore, given the demonstration
that chondrocytes may express RANKL and
OPG in vivo and that OPG may inhibit chondro-
clast activity, OPG and/or anti-RANKL therapy
may have a direct protective effect on cartilage
by preventing chondroclast-mediated resorption.
The exact functional role of RANKL and OPG 
in chondrocytes, if any, and the effects of
RANKL blockade on cartilage require additional
research.

Considerable evidence now suggests that
OPG and RANKL may contribute to normal
physiologic processes and disease in the vascu-
lature. Although it is beyond the scope of this
chapter to review this literature (for review see
Collin-Osdoby),133 it is important to point out
that therapeutic agents targeting either OPG or
RANKL activity may have direct effects on 
the vasculature. Further investigations of the
biological role of the RANKL/RANK/OPG
receptor–ligand system in vascular biology and
disease are needed.

The ability of OPG to function as a decoy
receptor for TRAIL134 is a developing area of
research and implicates OPG as a survival factor
for tumors.135,136 Of particular relevance, a recent
study suggested that expression of OPG protects
RA synovial fibroblasts from TRAIL-induced
apoptosis in vitro.137 The effect of OPG treatment
on synovial hyperplasia in animal models of
arthritis has not been specifically investigated
and the potential for this therapy to have detri-
mental effects on synovial fibroblasts, particu-
larly after long-term therapy, needs to be
evaluated. Finally, continued monitoring of the
immunologic consequence of altering RANKL
signaling through RANK is required, although,
at the current time the immune regulatory con-
sequences of OPG therapy appear to be minimal.

CONCLUSIONS

The accumulated evidence strongly supports the
hypothesis that the RANKL/RANK/OPG
system is a dominant pathway in the generation
and function of osteoclasts and in the process of
bone erosion in RA. A similar mechanism is
implicated in other diseases that have associated
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bone loss, but more definitive studies are
required to substantiate this paradigm. Control
of osteoclast differentiation and function in
normal physiology and in disease is a highly
complex interplay of positive and negative regu-
lators. Blockade of upstream factors, as has been
shown for TNF, could also regulate the process
of focal bone erosion. While we have made
many advances in our understanding of the
mechanisms of bone destruction in rheumato-
logic disease, a more complete understanding of
additional regulatory factors will be important
in the prevention of this disease outcome. A future
goal in this area of research is not only to halt
bone destruction, but also to stimulate targeted
bone repair and improve the joint structure and
subsequent function in patients with inflammatory
arthritis.
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INTRODUCTION

Chemokines are small proteins exerting chemo-
tactic activity towards cells, especially immune
cells. Target cells express matching receptors for
these mediators. Chemokines have been classi-
fied into supergene families with respect to their
structure (see below).1–14 Recently, chemokine/
chemokine receptor pairs have also been func-
tionally categorized as being ‘homeostatic’
(alternatively: constitutive, housekeeping or
lymphoid), ‘angiogenic/angiostatic’, or ‘inflam-
matory’ (alternatively: inducible), although
these functions often overlap.7,12–14 Generally, 
all chemokines described in this chapter in con-
text with arthritis may be considered to be
‘inflammatory’. Many of these chemokines also
promote or suppress angiogenesis. ‘Homeostatic’
chemokines usually play a role in B-cell recruit-
ment, germinal center formation, and the devel-
opment of lymphoid tissues under physiological
conditions. However, the latter mediators have also
been implicated in lymphoma- or inflammation-
associated B-cell migration.7,12–16

Numerous aspects of chemokines and
chemokine receptors in rheumatic diseases have
been discussed recently.2 Here, we will give 

an update on recent developments in chemokine
research. Regarding the recent functional classi-
fication described above, we will primarily focus
on inflammatory and angiogenic/angiostatic
chemokines and their receptors, as these mole-
cules are involved in the pathogenesis of arthritis.
Among inflammatory rheumatic diseases, we
picked rheumatoid arthritis (RA), a chronic
inflammatory and destructive articular disease
as a prototype, as the majority of chemokine
studies have been performed in this disease and
its animal models.1–6

First, we will give a brief overview of the
chemokine and chemokine receptor subsets.
Those inflammatory, angiogenic/angiostatic,
and homeostatic chemokines and chemokine
receptors will be discussed in more detail, which
may be important in the pathogenesis of RA and
thus may become targets for anti-chemokine
therapy. As the last few years have seen a rapid
development of studies on chemokine and
chemokine receptor targeting, we will summa-
rize data obtained in RA and in animal models
of arthritis. Based on the great number of recent
studies, it is very likely that the next few years
will bring several new preclinical and clinical
trials in this field.
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CHEMOKINES

Chemokines are chemotactic cytokines involved
in the migration of various cells into tissues. In
RA, these mediators chemoattract inflammatory
leukocytes, which cross the endothelial barrier
and migrate into the synovial tissue (ST).1–11,17,18

Chemokines have been classified into four dis-
tinct supergene families with respect to their
structural similarities and differences.
According to the location of cysteine (C)
residues, these families are designated as CXC,
CC, C, and CX3C chemokines (Table 21.1).

Accordingly, the four chemokine receptor
groups are CXCR, CCR, CR, and CX3CR, respec-
tively1,3,4,9–11,19 (Table 21.2). Currently, there 
are more than 50 known chemokines and 
19 chemokine receptors1–12 (Tables 21.1 and
Table 21.2). In 2000, a new classification system
was introduced. Now chemokines are consid-
ered as chemokine ligands and, apart from their
classical name (see later), each chemokine has
been assigned a designation of CXCL, CCL, XCL,
or CX3CL11,5,11,19 (Tables 21.1 and Table 21.2).
In this review, both the classical and the new
designations will be used.

266 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

Table 21.1 The structural and functional classification of chemokinesa

Classical New Angiogenic (+)/
Family nomenclature nomenclature Inflammatory angiostatic (−) Homeostatic

CXC Groα CXCL1 + +
Groβ CXCL2
Groγ CXCL3
PF4 CXCL4 + −
ENA-78 CXCL5 + +
GCP-2 CXCL6 +
CTAP-III CXCL7 + +
IL-8 CXCL8 + +
Mig CXCL9 + −
IP-10 CXCL10 + −
ITAC CXCL11 +
SDF-1α,β CXCL12 + + +
BCA-1 CXCL13 + +
— CXCL16 + +

CC I-309 CCL1 +
MCP-1 CCL2 +
MIP-1α CCL3 +
MIP-1β CCL4
RANTES CCL5 +
MCP-3 CCL7 ?b

MCP-2 CCL8 ?b

Eotaxin CCL11 +
MCP-5 CCL12
MCP-4 CCL13
HCC-1 CCL14 ?b +
HCC-2 CCL15 ?b +
HCC-4 CCL16 ?b +
TARC CCL17 +
PARC CCL18 +
ELC CCL19 + +
MIP-3α CCL20 + +
SLC (6Ckine) CCL21 + +

aSee text for abbreviations.
bOnly one study available supporting this.
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CHEMOKINES AND CHEMOKINE RECEPTORS 267

Table 21.1 The structural and functional classification of chemokines—cont’d

Classical New Angiogenic (+)/
Family nomenclature nomenclature Inflammatory angiostatic (−) Homeostatic

MDC CCL22 +
MPIF-1 CCL23 +
Eotaxin-2 CCL24 +
Eotaxin-3 CCL26 +
CTACK CCL27 +
MEC CCL28 +
LD78β CCL3L1

C Lymphotactin XCL1 +
SCM-1β XCL2

CX3C Fractalkine CX3CL1 + +

Table 21.2 Chemokine receptor–ligand pairs

Chemokine receptor Chemokine ligand

CXC chemokine receptors
CXCR1 IL-8/CXCL8, GCP-2/CXCL6
CXCR2 IL-8/CXCL8, ENA-78/CXCL5, Groα/CXCL1, Groβ/CXCL2, Groγ/CXCL3, CTAP-III/CXCL7,

GCP-2/CXCL6
CXCR3 IP-10/CXCL10, PF4/CXCL4, Mig/CXCL9, ITAC/CXCL11
CXCR4 (fusin) SDF-1/CXCL12
CXCR5 BCA-1/CXCL13
CXCR6 CXCL16

CC chemokine receptors
CCR1 MIP-1α/CCL3, RANTES/CCL5, MCP-3/CCL7, HCC-1/CCL14, HCC-2/CCL15,

HCC-4/CCL16, LD78β/CCL3L1, MPIF-1/CCL23
CCR2 MCP-1/CCL2, MCP-3/CCL7, MCP-4/CCL13, HCC-4/CCL16
CCR3 Eotaxin/CCL11, eotaxin-2/CCL24, eotaxin-3/CCL26, RANTES/CCL5, MCP-2/CCL8,

MCP-3/CCL7, MCP-4/CCL13, HCC-2/CCL15, MEC/CCL28
CCR4 TARC/CCL17, MDC/CCL22, CKLF1
CCR5 MIP-1α/CCL3, MIP-1β/CCL4, RANTES/CCL5, LD78β/CCL3L1, MCP-2/CCL8, HCC-1/CCL14
CCR6 MIP-3α/CCL20
CCR7 MIP-3β/CCL19, SLC/6Ckine/CCL21
CCR8 I-309/CCL1
CCR9 TECK/CCL25
CCR10 CTACK/CCL27, MEC/CCL28

C chemokine receptors
XCR1 Lymphotactin/XCL1, SCM-1β/XCL2

CX3C chemokine receptors

CX3CR1 Fractalkine/CX3CL1

Other
DARC Duffy antigen, some CC and CXC chemokines

See text for abbreviations.
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CXC chemokines

In CXC chemokines, there are two conserved C
residues separated by one unconserved amino
acid.1,10,11 There may be close relationship
between the genetic or protein structure of these
mediators and their function. For example, 
most CXC chemokines chemoattract neu-
trophils. Many genes coding these chemokines
are clustered on chromosome 4q12-13.11 However,
the genes of some CXC chemokines, such as
platelet factor 4 (PF4)/CXCL4 and interferon
(IFN)-γ-inducible 10 kDa protein (IP-10)/
CXCL10, are located on different chromosomes,
and these novel chemokines recruit lymphocytes
and monocytes.10,11 In addition, some CXC
chemokines promote, while others inhibit angio-
genesis.4,20,21 In general, the angiogenic or angio-
static action of these mediators greatly depends
on the ELR amino acid sequence. ELR-containing
chemokines, such as interleukin-8 (IL-8)/CXCL8,
epithelial-neutrophil activating protein-78
(ENA-78)/CXCL5, growth-regulated oncogene
α (Groα)/CXCL1, and connective tissue-activating
peptide-III (CTAP-III)/CXCL7 stimulate neovas-
cularization. In contrast, CXC chemokines lack-
ing the ELR sequence, such as PF4/CXCL4,
IP-10/CXCL10, and monokine induced by IFN-γ
(Mig)/CXCL9 are angiostatic.4,20,21 However,
there may be exceptions to the rule, as the ELR-
lacking stromal cell-derived factor 1 (SDF-1)/
CXCL12 is angiogenic.4,21

Apart from being chemotactic for leukocytes,
CXC chemokines are involved in a number of
mechanisms underlying inflammation. These
chemoattractants may also stimulate leukocyte
integrin expression, L-selectin shedding, inflam-
matory cell adhesion, cytoskeleton reorganiza-
tion, neutrophil degranulation, respiratory
burst, and phagocytosis, as well as the produc-
tion of matrix metalloproteinases (MMPs),
leukotrienes, and platelet-activating factor.10

CC chemokines

These chemoattractants have adjacent conserved
C residues.9,11 CC chemokines stimulate mono-
cyte chemotaxis, but some members of this sub-
class may also recruit lymphocytes. The genes of
monocyte-chemoattracting CC chemokines have

been clustered to chromosome 17q11.2. In con-
trast, genes of CC chemokines recruiting lym-
phocytes are generally located elsewhere.1,3,9,11

C and CX3C chemokines

These two chemokine subsets have been
described based on the special position of C
residues.3,4,22 The C family contains two mem-
bers: lymphotactin/XCL1 and single C motif 1β
(SCM-1β)/XCL2. The CX3C subset contains 
a single member: fractalkine/CX3CL1.3,4,22–24

Lymphotactin is primarily involved in the
migration of T lymphocyte subsets to inflamma-
tory sites.24 Fractalkine is chemotactic for
mononuclear cells, but also serves as an adhe-
sion molecule.22,23

CHEMOKINE RECEPTORS

Chemokines described above mediate their
effects via 7-transmembrane domain receptors
expressed on the target cells.11 There is a redun-
dancy between CXC and CC chemokine recep-
tors and their ligands (Table 21.2). For example,
CXCR2, CCR1, or CCR3 have numerous
chemokine ligands. In contrast, CXCR6, CCR8,
or CCR9 are specific receptors for one single
ligand1,3,11 (Table 21.2). There is only one C and
CX3C chemokine receptor for their respective
chemokine ligands22,23 (Table 21.2).

Again, there may be relationship between a
certain chemokine receptor and the function 
of its ligand(s). Single-ligand receptors, such as
CCR8 or CCR9, bind to chemokine ligands
mostly exerting homeostatic functions (see later).
In contrast, CXCR2, a receptor recognizing most
ELR motif-containing CXC chemokines, plays a
crucial role in inflammation and angiogenesis.
Furthermore, CXCR3 is a receptor for most ELR-
lacking, angiostatic CXC chemokines1,3,11,20,21

(Table 21.2). Chemokine receptors have also
been associated with various subtypes and his-
tological variants of autoimmune inflammation.
For example, RA, which is considered a Th1-
type disease, is associated with CXCR3 and
CCR5, while asthma, a known Th2-type disease,
is rather associated with CCR3, CCR4, and
CCR8.11,25,26
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CHEMOKINES AND CHEMOKINE RECEPTORS IN
SYNOVIAL INFLAMMATION AND ANGIOGENESIS

CXC chemokines

Among CXC chemokines, IL-8/CXCL8, ENA-78/
CXCL5, Groα/CXCL1, CTAP-III/CXCL7, gran-
ulocyte chemotactic protein 2 (GCP-2)/CXCL6,
IP-10/CXCL10, Mig/CXCL9, PF4/CXCL4, SDF-1/
CXCL12, and B-cell activating chemokine 1
(BCA-1)/CXCL13 and, recently CXCL16, have
been implicated in RA. Thus, these chemokines
may be considered ‘inflammatory’.1–6,27–37

We and others detected abundant IL-8/
CXCL8 in the sera, synovial fluids (SF), and ST
of RA patients.27,32,38 ST macrophages, synovial
lining cells, fibroblasts, and endothelial cells pro-
duce IL-8/CXCL8.32,39,40 While macrophages
constitutively express this chemokine, ST fibro-
blasts produce IL-8/CXCL8 upon stimulation
with proinflammatory cytokines including
tumor necrosis factor-α (TNF-α) or IL-1β.32,41

Other chemokines, such as RANTES/CCL5,
monocyte chemoattractant protein-1 (MCP-1)/
CCL2, and SDF-1/CXCL12 also up-regulate 
IL-8/CXCL8 expression on RA ST fibroblasts.42

The regulation of IL-8/CXCL8 production by ST
fibroblasts is controlled by NF-κB.43 In a recent
study, an IL-8/CXCL8 binding site was discov-
ered on EC syndecan-3. This site is selectively
induced in RA, suggesting the role of chemokine–
syndecan interactions during leukocyte trafficking
into RA ST.44 IL-8/CXCL8 exerts proinflamma-
tory and angiogenic effects. When clinically
involved and uninvolved joints of RA patients
were compared using arthroscopy, IL-8/CXCL8
protein and gene expression were increased in
the ST of the involved joints compared with the
uninvolved joints of patients.45 This chemokine
induced synovial inflammation after an intra-
articular injection of recombinant IL-8/CXCL8
into the rabbit knee joint. Synovial histology
highly resembled human RA.46 TNF-α blockade
resulted in decreased neutrophil migration into
the joints of RA patients, which was associated
with diminished IL-8/CXCL8 in the ST.47 IL-8/
CXCL8 also regulates leukocyte adhesion and
angiogenesis in RA. SF IL-8/CXCL8 levels 
were correlated with β2 integrin expression on
neutrophils.48 Furthermore, the ELR-containing

IL-8/CXCL8 is chemotactic and mitogenic for
vascular endothelial cells (ECs) in vitro.20,21,49 ECs
express CXCR2, a receptor for IL-8/CXCL8.50,51

ENA-78/CXCL5, similarly to IL-8/CXCL8,
exerts chemotactic activity for neutrophils 
and promotes neovascularization.10,21,40 Large
amounts of ENA-78/CXCL5 have been detected
in RA SF and ST.31 RA ST fibroblasts constitu-
tively secrete ENA-78/CXCL5. The basal produc-
tion of this chemokine is further stimulated by
TNF-α, IL-1, and IL-18.31,52 In addition to fibrob-
lasts, ST lining cells, interstitial macrophages, and
ECs express ENA-78/CXCL5.31 In rat adjuvant-
induced arthritis (AIA), a rodent model for RA,
the development of arthritis was associated with
abundant ENA-78/CXCL5 production in the
sera and later in the joints of rats.53 ENA-78/
CXCL5 exerts angiogenic activity in RA.40

Groα/CXCL1, a potent chemoattractant for
neutrophils, has been detected in the SF and ST
of RA patients.28,41 The production of this
chemokine by ST fibroblasts may be augmented
by TNF-α or IL-1.28,41 Groα/CXCL1 also
enhances collagen deposition by RA fibroblasts
and thus synovial fibrosis.54 Not only fibroblasts,
but also lining cells and macrophages express
high amounts of Groα/CXCL1 in the ST.28,55

CTAP-III/CXCL7 is derived from human
platelets.56 This chemokine has been detected in
the sera and ST of RA patients.56,57 CTAP-III/
CXCL7 stimulates the proliferation of ST fibro-
blasts and matrix synthesis.56,57 Cytokines and
growth factors including IL-1, basic fibroblast
growth factor (bFGF), and epidermal growth
factor (EGF) act in concert with CTAP-III/
CXCL7 during proteoglycan synthesis.56,57

CTAP-III/CXCL7 also induces angiogenesis.1,56,57

GCP-2/CXCL6 expression is up-regulated 
on RA ST fibroblasts via Toll-like receptor 2
(TLR2) signaling pathways.58 There is abundant
production of this chemokine in the RA SF.58

IP-10/CXCL10 may exert proinflammatory,
but anti-angiogenic effects in RA.1,20,59 IP-10/
CXCL10 has been detected in the sera, SF, 
and ST of RA patients;59,60 however, results
regarding serum chemokine levels are rather
controversial. One study showed the production
of IP-10/CXCL10 to be similar to normal,29

while another study found increased serum levels
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of this chemokine.60 RA ST fibroblasts and
macrophages express IP-10/CXCL10.59 The
induction of this chemokine on ST fibroblasts
requires intercellular adhesion molecule 1
(ICAM-1) and β2 integrins.59 Thus, IP-10/
CXCL10 may stimulate the ingress of Th1-type
cells into the RA ST.59 The ELR-lacking IP-
10/CXCL10 suppresses neovascularization.20,21

Like IP-10/CXCL10, Mig/CXCL9 also medi-
ates synovial inflammation, but inhibits angio-
genesis.20,21,55,60 This chemokine is present in RA
SF and ST.55,60,61 In the ST, primarily macrophages
and synovial lining cells produce Mig/CXCL9.55,60

Cultured ST fibroblasts produce Mig/CXCL9
upon stimulation with IFN-γ.61 Mig/CXCL9 also
lacks the ELR motif and thus it is angiostatic.20,21

There are elevated serum PF4/CXCL4 levels in
RA patients.62 Little is known about the role 
of this chemokine in inflammatory synovitis.
PF4/CXCL4, similarly to IP-10/CXCL10 and
Mig/CXCL9, lacks the ELR sequence and inhibits
angiogenesis.20,21

SDF-1/CXCL12 is a specific ligand for
CXCR4. This otherwise homeostatic chemokine
has been implicated in T-cell, B-cell, and mono-
cyte recruitment into the synovium.33,34,63,64

SDF-1/CXCL12 is expressed by synovial ECs
and this chemokine induces strong integrin-
mediated adhesion of T cells to ICAM-1.33 Direct
cellular contact of cytokine-stimulated T cells
with ST fibroblasts resulted in increased produc-
tion of SDF-1/CXCL12 by the fibroblasts.65

T cells are also able to migrate beneath RA ST
fibroblasts. This process is termed pseudoem-
peripolesis. SDF-1/CXCL12 has been implicated
in this process as well.64 In a SCID mouse model,
SDF-1/CXCL12 stimulated monocyte recruit-
ment into human ST engrafted onto the mice.63

A gene variant of SDF/CXCL12 has been associ-
ated with radiographic progression in RA.66

SDF-1/CXCL12, despite lacking the ELR 
motif, promotes neovascularization.67,68 RA 
ST fibroblasts abundantly produce SDF-1/
CXCL12 under hypoxic conditions. In this situa-
tion, SDF-1/CXCL12 becomes immobilized on
endothelial heparan sulfate, where this
chemokine is able to promote angiogenesis and
inflammation.67,69

The crucial role of B cells in the pathogenesis
of RA has been acknowledged and B-cell target-
ing became a major issue in biological therapy 

of RA.15,16,70 BCA-1/CXCL13 is the specific
ligand for CXCR5, which is expressed on most
mature B cells and a subset of T cells.12 BCA-1/
CXCL13 is a homeostatic chemokine involved in 
B-cell migration and the formation of germinal
centers.1,12,13 However, it is also expressed on 
follicular dendritic cells (DCs) in the RA ST.71

In the ST, ECs and fibroblasts also produce 
BCA-1/CXCL13.71 BCA-1/CXCL13 has recently
been implicated in inflammatory lymphoid
tissue organization and aggregate formation in
the RA ST.72

Recently, we and others studied the possible
role of CXCL16 in RA. CXCL16 may be consid-
ered a homeostatic chemokine as it mediates
lymphocyte recruitment to lymph nodes. This
chemokine is the single specific ligand for
CXCR6. Markedly elevated CXCL16 levels were
found in RA SF.35 In the RA ST, lining cells and
macrophages showed intense expression of this
chemokine.35,36 Monocytes begin to express
CXCL16 upon differentiation into macrophages.37

In the SCID mouse chimera model, CXCL16
recruited human mononuclear cells to the
engrafted human RA ST.35 CXCL16 recruits
CXCR6-expressing RA SF T cells.37

Among CXC chemokines, SDF-1/CXCL12,
BCA-1/CXCL13, and CXCL16 may be involved
in lymphocyte recruitment under homeostatic or
inflammatory conditions.35–37,63–65,72

CC chemokines

Among CC chemokines, MCP-1/CCL2,
macrophage inflammatory protein 1α (MIP-1α)/
CCL3, MIP-3α/CCL20, RANTES/CCL5, Epstein–
Barr virus-induced gene 1 ligand chemokine
(ELC)/CCL19, SLC/CCL21 and, recently,
chemokine-like factor 1 (CKLF1) have been
implicated in inflammatory mechanisms under-
lying RA.1–6,72,73 According to one recent study,
MCP-2/CCL8, MCP-3/CCL7, HCC-1/CCL14,
HCC-2/CCL15, and HCC-4/CCL16 may also be
involved in RA.74

MCP-1/CCL2 chemoattracts monocytes, 
T cells, natural killer (NK) cells, and basophils.9,75,76

We and others have detected high amounts of
this chemokine in RA sera and SF.75,76 RA 
ST macrophages and fibroblasts produce 
MCP-1/CCL2.41,75,76 TNF-α and IL-1 enhance the
release of MCP-1/CCL2 by ST fibroblasts.41,76
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IL-18 also induces MCP-1/CCL2 production 
by macrophages.77 Among other triggering fac-
tors, hypoxia decreases,78 while TLR2 ligands
stimulate MCP-1/CCL2 expression by ST fibro-
blasts.58 The injection of MCP-1/CCL2 into
rabbit knees induced arthritis.79

MIP-1α/CCL3 chemoattracts various cell
types including monocytes, T cells, B cells and
NK cells, basophils, and eosinophils.3,9 This
chemokine has been detected in SF and ST of RA
patients.41,80 SF mononuclear cells, as well as ST
fibroblasts and macrophages are main producers
of MIP-1α/CCL3.41,80 MIP-1α/CCL3 production
is augmented by TNF-α, IL-1, and IL-15.80,81

MIP-3α/CCL20 is chemotactic for monocytes,
T cells, B cells, and immature DCs.1 This
chemokine binds to its specific receptor, CCR6.82

Abundant MIP-3α/CCL20 has been detected in
RA SF and ST.82–84 In the ST, mostly synovial
lining cells and infiltrating mononuclear cells
express this chemokine.82 RA ST fibroblasts also
produce this chemokine in response to TNF-α,
IL-1, IL-17, and IL-18.82–85

RANTES/CCL5 exerts chemotactic activity
towards monocytes, T cells, and NK cells,
eosinophils, and basophils.9,86 RANTES/CCL5
has been detected in RA peripheral blood and SF
T cells, as well as in RA ST lining cells and
macrophages.55,87,88 TNF-α, IL-1, and IFN-γ aug-
ment RANTES/CCL5 production by ST fibro-
blasts.41,89 Articular chondrocytes also express this
chemokine.90 RANTES/CCL5 is one of the medi-
ators of RA SF-induced chemotactic activity for
leukocytes.91 RANTES/CCL5 is also involved in
cytokine networks present in the RA ST, as it
induces ST fibroblasts to produce IL-8/CXCL8
and IL-6.42 A distinct polymorphism in the
RANTES promoter gene has been associated with
susceptibility to RA in the Chinese population.92

ELC/CCL19 is homeostatic; however, it acts
similarly to SDF-1/CXCL12 and BCA-1/CXCL13
in RA. ELC/CCL19 is also a B-cell chemoattract-
ing mediator, detected in RA ST.93 These three
chemokines may be involved in both homeostatic
and inflammation-associated B-cell recruitment
and in germinal center formation.1,12,93

SLC/CCL21 is another homeostatic chemokine
involved in lymphoid tissue organization.
Recently, the production of this chemokine has
been associated with lymphoneogenesis and ger-
minal center formation in RA.72

In a recent study, MCP-2/CCL8, MCP-3/
CCL7, HCC-1/CCL14, HCC-2/CCL15, and
HCC-4/CCL16 were detected in the RA ST, 
as well as in other types of arthritis for the first
time. Among these chemokine ligands, HCC-2/
CCL15 showed an increased expression in 
RA compared with osteoarthritis or reactive 
arthritis.74

CKLF1 is a cytokine chemotactic for various
leukocytes and a functional ligand of CCR4. Its
expression is up-regulated on activated CD4+ and
CD8+ T cells, but not on CD19+ B cells in RA.73

C and CX3C chemokines

Lymphotactin/XCL1 has been detected on
CD8+, as well as CD4+/CD28− T cells in RA.94

This chemokine stimulates T-cell accumulation
into the RA joint and down-regulates MMP-2
production by RA ST fibroblasts.24

Fractalkine/CX3CL1 plays a dual role, being
chemotactic for monocytes and lymphocytes
and also mediating cell adhesion.22,25 High levels
of this chemokine have been detected in RA SF.25

SF monocytes, as well as ST macrophages, fibrob-
lasts, ECs and DCs produce fractalkine/CX3CL1
in RA.25,95 Fractalkine/CX3CL1 also recruits 
T cells into the RA joint.42,95 Senescent CD4+ T cells
accumulate in the RA joint. Fractalkine/CX3CL1
enhances the adhesion of these T cells to syn-
ovial fibroblasts. In addition, this chemokine
provides survival signals for and costimulates
the production of proinflammatory cytokines by
these T cells.95 Recently, fractalkine/ CX3CL1 has
been implicated in neovascularization and 
atherosclerosis. CX3CR1-deficient mice showed
attenuated development of atherosclerosis.96 In
humans, an M280/I249 polymorphism in the
CX3CR1 gene was associated with reduced car-
diovascular risk.97 Fractalkine/CX3CL1 is also
angiogenic.98 As accelerated atherosclerosis and
increased cardiovascular risk is the primary
cause of death in RA patients, these results may
have important clinical relevance.

Chemokine receptors

Among CXC chemokine receptors, CXCR1 and
CXCR2 recognize the most important proinflam-
matory and pro-angiogenic CXC chemokines
described above1,3 (Table 21.2). Both CXCR1 and
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CXCR2 are expressed on RA macrophages 
and neutrophils, as well as articular chondro-
cytes.1,3,99 CXCR2, a receptor for most ELR-
containing angiogenic chemokines, is expressed
by ECs and thus plays a role in chemokine-
induced angiogenesis.50,51 CXCR3 may be the
most important receptor in leukocyte homing
into the RA ST. It is expressed in T-cell-rich areas
of the inflamed ST.25,26,100 CXCR3 marks a subset
of T cells. Most T cells in the RA SF express this
chemokine receptor.101 The high expression of
CXCR3 on SF T cells has been associated with a
high IFN-γ/IL-4 ratio, suggesting a preferential
Th1 over Th2 phenotype of these T cells.102

Furthermore, high expression of CXCR3 in early
RA ST has been associated with increased pro-
duction of its ligand, Mig/CXCL9.61 CXCR3 is
also expressed on RA ST ECs and DCs.100,103 As
discussed above, CXCR4, the specific receptor for
SDF-1/CXCL12, may play a role in the SDF-1/
CXCL12-derived retention of lymphocytes
within the RA ST.33,34,74 CXCR5 expression is 
up-regulated in RA compared with non-RA ST.
In RA, CXCR5 is expressed by T cells, B cells,
macrophages, and ECs.102 CXCR6, the specific
receptor for CXCL16, is expressed by one-half 
of RA SF lymphocytes.35 IL-15 stimulation 
up-regulates CXCR6 expression on T cells.36 As
described above, CXCR4, CXCR5, and CXCR6
bind their respective ligands, SDF-1/CXCL12,
BCA-1/CXCL13, and CXCL16. Thus, these CXC
chemokine receptors may play an important role
in lymphocyte recruitment under both homeo-
static and inflammatory conditions.1,7,12,33–37

Among CC chemokine receptors, CCR1 is
abundantly expressed in the RA ST.74,104 CCR5
shows strong expression on RA SF mononuclear
cells, as well as RA ST T cells and fibro-
blasts.25,26,74,105,106 CCR5 expression on ST T cells
has been associated with a Th1-type cytokine
profile.101 CCR5, as well as CCR1, CCR2, and CCR3
is also expressed by articular chondrocytes.99 CCR4
and CCR5 on lymphocytes are crucial for leuko-
cyte recruitment into the RA joint.103 There is an
increasing body of evidence for the role of the
truncated ∆32-CCR5 non-functional receptor
allele in RA. There was no difference between
the frequency of wild-type CCR5 genotype in RA
and controls. However, while none of the RA
patients had the homozygous ∆32-CCR5 genotype,

some control subjects expressed this geno-
type.107,108 A recent meta-analysis confirmed that
this polymorphism of CCR5 is protective against
the development of RA.108 In a comparative
study on CC chemokine receptors, CCR expres-
sion was assessed on RA peripheral blood, SF,
and ST monocyte/macrophages. Peripheral blood
monocytes mainly express CCR1 and CCR2,
suggesting that these receptors are involved 
in monocyte recruitment from the circulation. 
In contrast, CCR3 and CCR5 expression are 
up-regulated in RA SF, indicating that these CCRs
may be important in monocyte retention in the
joint.104 The expression and signaling pathways
of CCR1, CCR2, and CCR5 have been studied
using the rat AIA model. Increases in tyrosine
phosphorylation of these chemokine receptors
were observed in the arthritic rats after day 14.
CCR1 signaling was associated with Janus
kinase 1 (JAK-1), signal transducer and activator
of transcription 1 (STAT1) and STAT3; CCR2
was associated with JAK-2, STAT1 and STAT3;
while CCR5 was associated with JAK-1, STAT1,
and STAT3. Phosphorylated STAT1 and STAT3
were detected in ST lining cells, macrophages, and
ECs in the arthritic joint.109 Regarding other CCRs,
RA articular chondrocytes express CCR3 and 
produce its ligand, RANTES/CCL5.90,99 CCR6, the
single receptor for MIP-3α/CCL20, has been
detected on RA ST leukocytes.82 Recently, a puta-
tive chemokine receptor, CCR-like receptor 2
(CCRL2) has been identified on RA SF neutrophils
and macrophages.110

Regarding the C and CX3C chemokine recep-
tors, XCR1, the lymphotactin/XCL1 receptor, is
expressed on ST lymphocytes, macrophages,
and fibroblasts.1,3 CX3CR1, the fractalkine/
CX3CL1 receptor, has been detected on RA SF 
T cells and macrophages, as well as on RA ST
macrophages and DCs.23 Thus, CX3CR1, as well
as fractalkine/CX3CL1, have been implicated 
in monocyte and lymphocyte ingress into the
RA joint.23

As shown in Table 21.2, DARC cannot be 
classified into the four classical chemokine
receptor subclasses. DARC, originally described
on erythrocytes, binds the Duffy antigen, as well
as some CXC and CC chemokines. Recently,
DARC expression has been detected on RA 
ST ECs.111
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INFLAMMATORY, ANGIOGENIC AND
HOMEOSTATIC CHEMOKINES: A WELL-JUSTIFIED
CLASSIFICATION?

As described above, chemokines have recently
been functionally classified into these three 
subgroups.7,12–14 As many functions of these
chemokines overlap, it is debatable whether such
classification is really justified. Several aspects of
these chemokines are discussed above.

Numerous CXC and CC chemokines, as well
as the C and CX3C chemokines implicated in the
pathogenesis of arthritis, are termed ‘inflamma-
tory chemokines’. These chemokines are expressed
in inflamed tissues on stimulation by proinflam-
matory cytokines or during contact with patho-
genic agents. Inflammatory chemokines, as
described above, recruit mostly effector cells
including monocytes, neutrophils, and effector 
T cells into tissues.12 As described above and
listed in Table 21.1, there is a great body of evidence
suggesting the role of the CXC chemokines
IL-8/CXCL8, ENA-78/CXCL5, Groα/CXCL1,
CTAP-III/CXCL7, IP-10/CXCL10, Mig/CXCL9,
PF4/CXCL4, GCP-2/CXCL6, SDF-1/CXCL12,
BCA-1/CXCL13, and CXCL16 in RA. Among
CC chemokines, MCP-1/CCL2, MIP-1α/CCL3,
MIP-3α/CCL20, RANTES/CCL5, ELC/CCL19,
and SLC/CCL21 have been implicated in leuko-
cyte recruitment underlying inflammatory syn-
ovitis. Finally, the C chemokine lymphotactin/
XCL1 and the CX3C chemokine fractalkine/
CX3CL1 are also considered as arthritis-associated
inflammatory chemokines1–6,72,73 (Table 21.1).
Accordingly, CXCR1 and CXCR2 binding most
ELR-containing, CXCR3 recognizing ELR-lacking
CXC chemokines, as well as CXCR4, CXCR5,
and CXCR6, specific receptors for SDF-1/
CXCL12, BCA-1/CXCL13, and CXCL16, respec-
tively, are involved in the pathogenesis of
RA1–6,35–37 (Table 21.2). CCR1, CCR2, CCR3,
CCR4, CCR5, and CCR6, as well as XCR1 and
CX3CR1, receptors mostly recognizing inflamma-
tory chemokine ligands, have also been impli-
cated in inflammatory synovitis1–6 (Table 21.2).

All ELR-containing CXC chemokines
described above, as well as the ELR-lacking
SDF-1/CXCL12 promote angiogenesis in RA,
thus, these mediators can be termed ‘angiogenic
chemokines’. In accordance, CXCR2 is the major

chemokine receptor on ECs that mediates neo-
vascularization. In contrast, the ELR-lacking 
IP-10/CXCL10, PF4/CXCL4, and Mig/CXCL9,
as well as their receptor, CXCR3, suppress capil-
lary formation, and thus these are ‘angiostatic
chemokines’. In addition, all these chemokines
are also termed inflammatory1–5,21 (Table 21.2).

‘Homeostatic chemokines’ are constitutively
produced in discrete microenvironments of lym-
phoid or non-lymphoid tissues, such as in the
skin or mucosa. These chemokines promote lym-
phocyte migration and recruitment into these
tissues. Homeostatic chemokines mediate physi-
ologic traffic of cells that belong to the adaptive
immune system and are involved in antigen
sampling and immune surveillance.12,13 Among
CXC chemokines, SDF-1/CXCL12, BCA-1/
CXCL13, and CXCL16, as well as their respective
receptors, CXCR4, CXCR5, and CXCR6, exert
such effects.1,12,13,35–37 Numerous CC chemokines
including MDC/CCL22 and TARC/CCL17
binding to CCR4, ELC/CCL19 and SLC/CCL21
binding to CCR7, TECK/CCL25 binding to
CCR9, CTACK/CCL27 and MEC/CCL28 binding
to CCR10 have been implicated in the homeosta-
sis of primary, secondary, and peripheral lym-
phoid tissues.12,13 As discussed above, some data
suggest that among these homeostatic chemokines
SDF-1/CXCL12, BCA-1/CXCL13, CXCL16, ELC/
CCL19, SLC/CCL21, and maybe others, are also
involved in arthritis-associated inflammatory
cell recruitment.1,12,34–37,65,71,72,93 In many ways the
synovium is similar to the skin- and mucosa-
associated lymphoid tissues, which explains 
the involvement of otherwise homeostatic
chemokines in synovial inflammation.12,13,71

REGULATION OF CHEMOKINE PRODUCTION
DURING LEUKOCYTE RECRUITMENT

There is a temporal regulation of chemokine and
chemokine receptor production in the inflamed
synovium. We have assessed the temporal
expression of CXC and CC chemokines relevant
for the pathogenesis of arthritis in sera and joint
homogenates of rats with AIA. The production
of ENA-78/CXCL5 and MIP-1α/CCL3 showed
a very early increase, preceding clinical symptoms.
The abundant production of these chemokines
occurred parallel with early inflammatory
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events, such as neutrophil recruitment and the
production of acute phase reactants. In contrast,
MCP-1/CCL2 was rather involved in the later
phase of AIA.112 When AIA rats were treated
with a polyclonal antibody to ENA-78/CXCL5,
antagonism of this chemokine also supported
that ENA-78/CXCL5 is involved in the very
early inflammatory events underlying AIA.53

When we assessed the temporal regulation of
chemokine receptors in rat AIA, CCR1 exhibited
high constitutive expression on macrophages
throughout the disease course. CCR5 expression
was up-regulated on ST macrophages, correlat-
ing with macrophage CCR2 expression. In con-
trast, CCR2 on ECs was down-regulated during
the progression of the disease. CCR3 expression
on macrophages decreased during the course 
of AIA. CXCR4 expression was up-regulated 
on ECs, preceding the peak of inflammation.
Thus, CCR2 and CCR5 may sustain inflamma-
tory changes, while CCR2 and CCR3 may play
a role in initial recruitment of leukocytes into
the ST.113

A two-way regulatory network of proinflam-
matory cytokines and chemokines exists in the
arthritic synovium.3,4,114,115 As discussed above,
some cytokines including TNF-α, IL-1, IL-6, IL-15,
IL-18, and others may enhance, while others
may suppress chemokine production.3,4,31,41,76,115

For example, IL-8/CXCL8 secretion by RA ST
fibroblasts is stimulated by the Th2-type IL-4 but
inhibited by the Th1-type IFN-γ. In contrast,
RANTES/CCL5 production is suppressed by IL-4
but augmented by IFN-γ.89 These data suggest
that the Th1/Th2 balance or imbalance may
influence the local chemokine pattern in the ST.
On the other hand, some chemokines may 
influence the release of other mediators.3,53,116

For example, MIP-1α/CCL3 stimulates the 
synthesis of TNF-α, IL-1, and IL-6 by synovial
macrophages.3,116 Treatment of rat AIA with a
polyclonal antibody to ENA-78/CXCL5 resulted
in the inhibition of IL-1 expression in the ST.53

CD4+/CD28− T cells accumulating in RA
resemble a functionally end-differentiated, non-
dividing, short-lived effector memory T-cell 
subpopulation. These cells, when adoptively
transferred into human RA synovium–SCID
mouse chimeras, homed to both lymph nodes

and the RA ST. Infiltrating T cells coexpressed
the CCR5, CCR7, and CXCR4 chemokine receptors,
and migrated in response to both the inflamma-
tory chemokine RANTES/CCL5 and the homeo-
static chemokine SDF-1/CXCL12. Thus, both
inflammatory and homeostatic chemokines and
their receptors are involved in the recruitment 
of this effector memory T-cell subset into the 
RA ST.117

TLRs may also be involved in the regulation
of chemokine function. TLR2 ligands activate
synovial fibroblasts. Peptidoglycan, a TLR2
ligand, stimulated, among others, IL-8/CXCL8,
Groα/CXCL1, MCP-1/CCL2, MIP-1α/CCL3,
and RANTES/CCL5 mRNA expression by these
fibroblasts using an RT-PCR assay.58

The regulation of inflammatory cell recruitment
into the ST also involves chemokine–adhesion
molecule interactions. Leukocyte adhesion to
synovial ECs occurs in several steps. An early,
weaker adhesion termed ‘rolling’, occurring
within the first hours, is mediated mostly by
selectin adhesion receptors and their ligands.
Rolling on ECs triggers leukocyte activation due
to the interactions between chemokine receptors
on leukocytes and proteoglycans on ECs.
Activation-dependent, firm adhesion involves
mostly integrins and their ligands, as well as
junctional adhesion molecules (JAMs). These
events involve the secretion of various
chemokines. Transendothelial migration of
leukocytes involving integrins occurs when
secreted chemokines bind to EC heparan sulfate.
Chemokines preferentially attract EC-bound
leukocytes.13,118,119 ECs themselves also produce
a number of inflammatory mediators including
chemokines, such as MCP-1/CCL2 and
Groα/CXCL1.2,4,119 Chemokine–adhesion mole-
cule cross-talk described here may synchronize
the sequence of events during leukocyte extrava-
sation into the inflamed ST.

There may be distinct histological patterns of
synovitis in RA, which may be associated with
different chemokine profiles. There are at least
two distinguishable histological types: some
specimens show diffuse mononuclear cell infil-
trates, while others are classified as ‘follicular
synovitis’ showing the formation of germinal
center-like structures. In a recent study, the serum
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levels of IL-8/CXCL8, MCP-1/CCL2, and
RANTES/CCL5 were significantly higher in the
follicular type in comparison with the diffuse
histological variant.120

CHEMOKINE TARGETING STRATEGIES

Chemokines and chemokine receptors can be
targeted in a number of ways. However, there is a
limitation of human RA trials, therefore most
available data were obtained in various experi-
mental animal models of arthritis. In humans,
disease-modifying anti-rheumatic drugs
(DMARDs), currently used in the treatment of
RA, may themselves influence chemokine pro-
duction. Also, as there are interactions between
proinflammatory cytokines and chemokines in
the ST, anti-TNF-α therapy may also suppress
inflammatory chemokine production. Apart
from these indirect actions, direct chemokine and
chemokine receptor targeting using antibodies to
chemokines or synthetic chemokine inhibitors
carried out mostly in experimental arthritis may
be a feasible strategy and may become a part of
biological therapy in the near future.1–6

Experimental arthritis

CXC chemokines and chemokine receptors

Numerous inflammatory chemokines and their
receptors have been targeted in the last few years.
Among CXC chemokines, neutralizing antibodies
to IL-8/CXCL8 prevented leukocyte infiltration
and arthritis in rabbits.121 A neutralizing poly-
clonal anti-ENA-78/CXCL5 antibody was
administered intravenously to rats using the
AIA model. The antibody injected before the onset
of arthritis attenuated the severity of the disease.
Anti-ENA-78/CXCL5 also reduced the number
of IL-1-immunoreactive cells in the ST lining
layer. However, this antibody was unable to
influence the disease course when injected
during the later stages of arthritis.53 The preven-
tative administration of an anti-Groα/CXCL1
antibody delayed the onset and severity of
murine collagen-induced arthritis (CIA).122 IP-10/
CXCL10 naked DNA vaccine induced the devel-
opment of AIA in rats. These rats developed

protective immunity against arthritis. Adoptive
transfer of self-specific anti-IP-10/CXCL10 or
rabbit anti-rat IP-10/CXCL10 antibodies
resulted in disease suppression.123 A bioactive
synthetic peptide derived from the angiogenesis
inhibitor chemokine PF4/CXCL4 suppressed
murine CIA, as well as arthritis-associated
angiogenesis. Although the mechanism of action
of this peptide remains unclear, treatment sup-
pressed serum IL-1 levels in these animals.30

Recently, an anti-CXCL16 monoclonal antibody
(mAb) reduced the clinical arthritis score and
suppressed leukocyte infiltration and bone
destruction in murine CIA.36

A nonpeptide oral antagonist of the CXCR2
receptor inhibited IL-8/CXCL- or LPS-induced
arthritis in rabbits.124 CXCR2 gene-deficient mice
exhibited leukocyte-deficient inflammatory
responses in a murine model of inflammation.125

In another study, the same mice showed less
severe Lyme arthritis in comparison with wild-
type animals.126 TAK-779, an inhibitor of CXCR3
and CCR5, has been developed. As described
above, both CXCR3 and CCR5 are involved in
Th1-type cell recruitment to sites of inflammation.
A synthetic antagonist inhibited the binding of
CXCR3 and CCR5 to their respective ligands and
suppressed chemokine-induced integrin activa-
tion.127 AMD3100, a CXCR4 antagonist, inhib-
ited CIA in IFN-γ-deficient mice.128 Analogs of
the 14-mer peptide T140 also act as CXCR4
antagonists. These compounds ameliorated the
clinical severity of murine CIA.129

CC chemokines and their receptors

Passive immunization of mice with anti-MIP-1α/
CCL3 postponed the onset and decreased the
severity of CIA.122 MIP-1α/CCL3 gene-deficient
mice exhibit milder clinical and histology scores
following the induction of CIA.130 A neutralizing
mAb to MCP-1/CCL2 reduced ankle swelling by
30% and significantly decreased the number of
synovial ST macrophages in rat CIA.131 An anti-
MCP-1/CCL2 antibody also prevented the
recruitment of 111In-labeled T cells into the syn-
ovium in the rat model of streptococcal cell wall
antigen (SCW)-induced arthritis.132 A peptide
inhibitor containing a 67 amino acid sequence of
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MCP-1/CCL2 inhibited the development of
arthritis in MRL-lpr mice.133 An anti RANTES/
CCL5 antibody reduced mouse CIA.134 KE-298,
an experimental anti-rheumatic agent, inhibited
both MCP-1/CCL2 and RANTES/CCL5 produc-
tion, as well as the severity of rat AIA.135

Several CCR1 and CCR2 antagonists have been
developed during the last few years, and some of
them have been introduced to human trials as
well.136–140 Preclinical studies with CCR1-deficient
mice have also been initiated.137 Met-RANTES, a
CCR1/CCR5 antagonist, suppressed the develop-
ment of CIA in mice.141 Preventatively adminis-
tered Met-RANTES also reduced the severity of
joint inflammation in rat AIA. In addition, 
Met-RANTES injected locally into the ankles 
of AIA rats reduced leukocyte infiltration of the
joint. Met-RANTES also down-regulated CCR1
and CCR5 expression in the joint.142 A nonpeptide
CCR5 antagonist preventatively inhibited mouse
CIA.143 Rather surprisingly, in one study, CCR5
gene-deficient mice developed CIA to the same
extent as wild-type animals.144 However, in
another study, CCR5 gene-deficient mice showed
a significant reduction in the incidence of CIA,
which was associated with significantly lower
serum IgG levels and augmented IL-10 produc-
tion by spleen cells.145 Similar controversy was
observed when using anti-CCR2 antibodies or
CCR2 gene-deficient animals. Anti-CCR2 anti-
body administered during the initiation of murine
CIA markedly improved the clinical symptoms,
while blockade during the later stages of the dis-
ease rather aggravated both clinical and histologic
signs of arthritis.140 In addition, CCR2 gene-
deficient mice developed more severe CIA than
did wild-type controls.140,144 These data suggest
that suppressing the action of chemokine 
receptors using antibodies may give different
results to chemokine receptor gene-deficient
animal studies. Hence, CCR blockade using anti-
bodies or other inhibitors may be promising for
future therapies.

Adenoviral gene transfer may also be a useful
method in chemokine targeting. The vaccinia
virus expresses a 35 kDa soluble protein (35k),
which inactivates a number of CC chemokines.
A recombinant adenovirus containing 35k
reduced migration of CCR5-transfected cells in
response to RANTES/CCL5. This vector also

suppressed chemotaxis of both CCR5-transfected
cells and primary macrophages in mice.146

Other chemokines

An antibody to fractalkine/CX3CL1 decreased
clinical arthritis scores and reduced ST leukocyte
infiltration and bone erosion in murine CIA.147

Combined chemokine blockade

Several recent studies have addressed the use 
of multiple chemokine blocking strategies. 
For example, a combination of MCP-1/CCL2 and
Groα/CXCL1 inhibition with chemokine antago-
nists resulted in a greater extent of arthritis sup-
pression than MCP-1/CCL2 blockade alone in a
murine AIA model.148 Rat AIA was diminished by
DNA vaccination using chemokine DNA vaccines
to MCP-1/CCL2, MIP-1α/CCL3, and RANTES/
CCL5.149 In the rabbit LPS-induced arthritis
model, the combination of anti-IL-8/CXCL8 and
anti-Groα/CXCL1 antibodies resulted in a more
pronounced inhibition of knee joint leukocyte
infiltration than did either of the two antibodies
alone.150 Certainly, there may be increased toxicity
using combined strategies, which may be an issue
during future human trials.1

Human rheumatoid arthritis

Effects of anti-rheumatic agents on chemokines

Corticosteroids, such as dexamethasone, effec-
tively suppressed IL-8/CXCL8 and MCP-1/
CCL2 production in RA.151 Among non-steroidal
anti-inflammatory drugs (NSAIDs), diclofenac
and meloxicam reduced IL-8/CXCL8 production
in rat antigen-induced arthritis.152

Regarding DMARDs, sulfasalazine inhibited
IL-8/CXCL8, Groα/CXCL1, and MCP-1/CCL2
production by cultured RA ST explants.153

Sulfapyridine inhibited the expression of IL-8/
CXCL8 and MCP-1/CCL2 on cytokine-treated
EC.154 In contrast, gold salts hardly had any effects
on IL-8/CXCL8 or MCP-1/CCL2 synthesis.151

A combination treatment of RA patients with
methotrexate and leflunomide decreased MCP-1/
CCL2 expression in the ST. The reduction of
plasma chemokine levels was associated with
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improvement in some clinical outcome measures.155

Antioxidants, such as N-acetyl-L-cysteine and 
2-oxothiazolidine-4-carboxylate, suppressed the
synthesis of IL-8/CXCL8 and MCP-1/CCL2
mRNA by cytokine-treated isolated human 
synovial cells.156

Effects of anti-TNF-α biologicals on 
chemokine production

Infliximab, an anti-TNF-α mAb, reduced syn-
ovial expression of IL-8/CXCL8 and MCP-1/
CCL2 in RA patients. Decreased chemokine
release was associated with diminished inflam-
matory cell ingress into the RA ST.47 In addition,
infliximab decreased the expression of CCR3
and CCR5 on T cells. The expression of these
chemokine receptors was higher on non-responders
than on responders.157 Treatment of RA patients
with infliximab, as well as etanercept, a recombi-
nant TNF-α receptor-immunoglobulin fusion
protein, resulted in the sustained retention of
CXCR3+ T cells in the circulation, which reflects
a clearance of these cells from the ST.158 Anti-
TNF therapy also down-regulates CXCL16
expression on synovial macrophages.37

Direct chemokine and chemokine receptor
targeting in humans

Antibodies to IL-8/CXCL8, ENA-78/CXCL5,
and Groα/CXCL1, at least partially, neutralized
RA SF-induced neutrophil chemotactic activity.28

These in vitro studies suggest that these CXC
chemokines could be therapeutically targeted 
in RA. Nevertheless, there has been one trial
using an anti-IL-8/CXCL8 antibody in RA, but
results of this trial were not published and the
further development of this compound was 
terminated.1

Numerous small molecule CCR1 antagonists
have recently been developed.136–139 In a 2-week
phase Ib study, one of these inhibitors decreased
the number of ST macrophages.139 One-third of
the patients also fulfilled the ACR (American
College of Rheumatology) 20% criteria for
improvement.139 CP-481,715, a selective CCR1
antagonist, inhibited monocyte chemotactic
activity present in RA SF samples.138 Some CCR2
inhibitors have also entered clinical trials.140

CONCLUSIONS

In this chapter, we have discussed the putative
role of chemokines and their receptors in RA.
There is a structural and a functional classifica-
tion of chemokines. The former includes four
groups: CXC, CC, C, and CX3C chemokines.
There is a redundancy and binding promiscuity
between chemokine receptors and their ligands.
Recently, a functional classification distinguishing
between inflammatory, angiogenic/angiostatic,
and homeostatic chemokines has been introduced.
However, numerous effects of these chemokines
overlap. For example, most inflammatory CXC
chemokines containing the ELR motif also 
promote angiogenesis, while ELR-lacking, 
otherwise inflammatory chemokines suppress
neovascularization. Numerous homeostatic
chemokines, which are involved in lymphocyte
recruitment and lymphoid tissue organization,
may also play a role in B-cell migration underly-
ing germinal center formation within the
inflamed synovium. Anti-chemokine and anti-
chemokine receptor targeting may be used ther-
apeutically in the future biological therapy of
arthritis. In addition to the clear clinical benefit,
we can learn a lot from these trials about the
actions of the targeted chemokines and their
receptors. Today, most data in this field are
obtained from experimental models of arthritis;
however, results of some human trials have also
become available. Thus, it is possible that a
number of specific chemokine and chemokine
receptor antagonists will be developed and
administered to patients in the near future. Yet,
some caveats must be considered based on
experimental results. First, in many animal stud-
ies, anti-chemokine targeting was successful in a
preventative manner, before the development of
arthritis, rather than during the later course of
the disease. Such ‘preclinical prevention’ would
hardly be feasible in humans. In addition, many
chemokine receptor antagonists are species-
specific, therefore data obtained from animal
models are difficult to translate to human use.
Finally, cleavage of some chemokines by pro-
teases may result in antagonistic, rather than
agonistic effects on their receptors. Hopefully,
these caveats will be clarified in the near future
and at least some of the potential treatment
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modalities will be used to control inflammation
and prevent joint destruction, and thus will ben-
efit our patients.
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INTRODUCTION

NF-κB is a ubiquitously expressed family of
inducible dimeric transcription factors with five
members: Rel (c-Rel), RelA (p65), RelB, NF-κB1
(p50/p105), and NF-κB2 (p52/p100). It recog-
nizes a common consensus DNA sequence motif
and regulates a large number of target genes,
particularly those involved in the immune
system and defence against pathogens, also those
concerned with inflammation, injury, stress and
the acute phase response. In unstimulated cells,
homo- or heterodimers of family members bind
IκB inhibitory proteins (the closely related IκBα,
IκBβ and IκBε) and these retain the NF-κB
dimers in the cytoplasm. p105 and p100 precur-
sor proteins, which encode p50 and p52 in their
N-terminal halves, behave as IκBs, containing
ankyrin repeats in their C-terminal halves, simi-
lar to those of the smaller IκBs1,2 (Figure 22.1).
The activation of NF-κB through a variety of cell
membrane receptors including TNFR, IL-1R,
Toll, TCR, and BCR proceeds via phosphoryla-
tion, ubiquitination, and proteasomal degrada-
tion of IκBs. The phosphorylation occurs at dual
serine residues in the N-terminus of IκBs and is
catalyzed by a complex of IκB kinases (IKKs) 
α and β combined with the regulatory subunit
NEMO (IKKγ). Phosphorylation by the activated
IKK complex is predominantly by IKKβ. This
triggers lysine 48 (K48)-linked polyubiquitina-
tion at adjacent lysine residues initiated by a

specific ubiquitin E3 ligase complex Skp1/Cul1/
F-box protein-β-TrCp. This is followed by prote-
olysis at the 26S proteasome. The free NF-κB
dimers (most commonly the p50/p65 heterodimer)
translocate to the nucleus, bind κB DNA sites
and activate gene transcription. This pathway is
termed the ‘classical’ pathway of NF-κB activation1,2

(Figure 22.2).
Recently a new pathway for NF-κB activation

that is dependent on IKKα was described3

(Figure 22.3). The pathway is termed the ‘alter-
native’ pathway and is independent of IKKβ
and NEMO.4–6 The target for IKKα is NF-κB2/
p100, which is phosphorylated at its C-terminus
then K48-polyubiquitinated. Proteolysis of the
C-terminal half of p100 follows and free p52 
containing the Rel homology domain is released.
p52 most commonly associates with RelB and
activation of the alternative pathway results in
nuclear translocation of this heterodimer and
transcriptional activation of distinct target
genes.7 Stimuli which activate the alternative
pathway include, Lymphotoxin β R (LTβR),
BAFFR, RANK, and CD402,8,9 (Figure 22.3).

Such advances have been made in the last few
years across a wide area of the NF-κB field that a
selective approach to reviewing the field must
be taken. This review therefore focuses on three
burgeoning fields of research: the extensive
involvement of ubiquitination in the regulation
of the classical pathway of NF-κB activation;
pioneering efforts to unravel early steps in the
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activation of the alternative pathway of NF-κB
activation; and the striking advances made in
translational research to dissect NF-κB’s roles in
inflammatory diseases, in particular, cancer and
diabetes.

ADVANCES IN NF-kB REGULATION

The classical pathway

Ubiquitination and deubiquitination

While it has been known for several years that
upon stimulation the classical pathway of NF-kB
activation leads to IκB phosphorylation by the
IKK complex followed by K48-linked polyubiq-
uitination and proteolysis, recent studies have
revealed a greater involvement of ubiquitination
in the control of NF-κB. Ubiquitin ligases are
activated by different upstream signaling path-
ways and act as regulators of IKK activation. 
The assembly of lysine 63 (K63) polyubiquitin
chains provides platforms for the recruitment of
IKK-activating complexes, a reaction that is

counteracted by deubiquitinating enzymes.
Furthermore, K48-ubiquitin conjugation targets
upstream signaling mediators as well as nuclear
NF-κB for post-inductive degradation to limit
signaling.10 Ea et al.11 showed that polyubiquiti-
nation of RIP1 and polyubiquitin binding by
NEMO are essential for the activation of IKK by
tumor necrosis factor (TNF)-α. Based on their
work and that of others they propose a model
for IKK activation by TNF-α in which stimula-
tion causes trimerization of TNF receptor 1 in the
cell membrane and subsequent recruitment of
signaling proteins, TRADD, TRAF2, TRAF5, and
RIP1. The TRAF proteins recruit the Ubc13/
Uev1A E2 ubiquitin-conjugating enzyme to K63-
polyubiquitinate RIP1. The polyubiquitin chains
on RIP1 then interact with TAB2, a component 
of the TAK1 kinase complex, and with NEMO,
thus resulting in recruitment of the IKK complex.
TAK1 then phosphorylates and activates IKKβ.
IκB is then phosphorylated, ubiquitinated, and
degraded, allowing NF-κB to translocate to the
nucleus to activate gene expression (Figure 22.2).
TRAF2, TRAF5, and TRAF6 have been identified
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Figure 22.1 The mammalian families of Rel/NF-κB and IκB polypeptides. Characteristic domains and their primary functions are

indicated. DNA, DNA binding; dimeriz., dimerization domain; RHD, Rel homology domain; NLS, nuclear localization sequence;

Transactivation, transactivating domain, functions at nuclear target sites; Ankyrins, ankyrin repeat domain, functions by binding

and inhibiting RHDs (Bcl-3 and IκBζ are exceptions since they do not function as classical inhibitors of NF-κB activity).
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as possible candidates for upstream signaling by
K63 ubiquitination.10 All contain a RING domain
that acts as an E3 ubiquitin ligase and K63 
ubiquitin modifications of TRAF2 have been
reported on TNF-α stimulation.12

Also, TRAF2 catalyses K63 polyubiquitination
of RIP1.13 Conclusive evidence of the physio-
logic significance of ubiquitination by TRAF2 in
upstream signaling to NF-κB, however, remains
elusive.10,11,14 TRAF6 also acts as an E3 ubiquitin
ligase and catalyzes the in vitro assembly of K63

polyubiquitin chains. It is autoubiquitinated and
polyubiquitinates NEMO. TRAF6 is essential for
IKK activation induced through the interleukin
(IL)-1 receptor. If its ubiquitination function is
blocked TRAF6 cannot mediate IKK activation.10

In the T-cell receptor (TCR) signaling pathway
to IKK and NF-κB, MALT1 has been suggested
as a candidate ubiqitin E3 ligase. It carries out
K63 ubiquitination of a carboxy-terminal lysine
residue (lys 399) of NEMO. Mutation of this
residue blocks IKK/NF-κB activation by BCL10.
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Figure 22.2 Classical pathway of NF-κB activation via IκB degradation. In this scheme, stimulation of membrane receptors with

specific ligands leads to K63 polyubiquitination on TRAF2, TRAF6, RIP, and NEMO. The TAK kinase complex is recruited through

association of the polyubiquitin chains with TAB2 and TAB3. Activated TAK1 may phosphorylate and activate IKKβ, which then

phosphorylates IκB bound to cytosolic NF-κB, triggering its βTrCP-mediated K48 polyubiquitination and proteasome-mediated

degradation. Liberated NF-κB then translocates to the nucleus (where further subunit modification and activation may occur) and

transactivates target genes. CYLD and A20 are deubiquitinating enzymes that may block NF-κB activation by removal of K63

ubiquitinated chains from activated TRAFs, RIP, and NEMO. A20 may also terminate TNF-α-induced NF-κB activation by catalyz-

ing the K48 ubiquitination of RIP, leading to its proteasomal degradation. See text for further details.

TNFR
IL-1R/TLR

TCR

TRAF2

RIP

TRAF6

PP

NEMO

α β IKK

p65
p50

IκB

p65
p50

IκB
proteasomal
degradation

PP

TAB2/3

TAK1

βTrCP

Active NF-κB

CYLD

A20

Lck

Zap 70

PKCθ

BCL10

CARMA 1

Nucleus

Cytoplasm

MALT1

K63 Ub

K48 Ub

Target
DNA

9781841844848-Ch22  8/10/07  11:01 AM  Page 287



BCL10 is known to induce oligomerization 
of MALT1 which may enhance its E3 ligase
activity.10,15 BCL10 and MALT1 also induce E3
activity of TRAF6 and RNA interference studies
suggest that TRAF2 and TRAF6 are necessary
for IKK activation in Jurkat T cells following 
T-cell receptor (TCR) ligation10 (Figure 22.2). Other
lysine residues on NEMO are modified upon
signaling by other stimuli. It has been suggested
that different K63 ubiquitination sites on NEMO,

ubiquitinated in response to different signals,
may integrate the various upstream signaling
pathways by activating IKK, possibly via the
TAK1/TAB complexes which are able to bind to
K63-linked polyubiquitinated chains via the
TAB proteins and activate IKK by the TAK1 IKK
kinase10 (Figure 22.2).

Several deubiquitinating enzymes (DUBs)
have been identified which preferentially disas-
semble K63 poylubiquitin chains. One, CYLD, 
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Figure 22.3 Alternative pathway of NF-κB activation. In unstimulated cells, NIK is destabilized by bound TRAF3. Activation

through a subset of receptors of the TNFR superfamily including the B-cell activating factor receptor (BAFFR), CD40, RANK, and

lymphotoxin β R (LTβR) leads to the recruitment of TRAF proteins (including TRAF3) to the receptor. TRAF3 (at least in some cell

types) is degraded and active NIK is thus released. NIK then phosphorylates and activates IKK; it also recruits NF-κB2/p100

which is phosphorylated by IKKα. This triggers K48 polyubiquitination of p100 mediated by βTrCP E3 ubiquitin ligase and 

subsequent processing by the 26S proteasome to yield the mature subunit p52. Predominantly p52/RelB heterodimers are 

generated which migrate to the nucleus. The classical pathway of NF-κB activation is also activated through these receptors with

some receptors (BAFFR) activating less strongly than others .
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a ubiquitin-specific cysteine protease, is a tumor
suppressor that is mutated in patients with
familial cylindromatosis,16 a condition that 
predisposes them to the development of benign
tumors of the skin appendages. When overex-
pressed in transfected cells, CYLD physically
interacts with NEMO and TRAF2 and inhibits
the ubiquitination of TRAF2 and TRAF6, block-
ing the activation of NF-κB by Toll-like receptors
(TLRs), IL1R and TNFR. Down-modulation of
CYLD by RNAi or by mutation in the ubiquitin
hydrolase domain resulted in constitutive ubiq-
uitination of TRAF2 and increased inducible 
NF-κB activity, suggesting that CYLD functions
as a negative regulator of NF-κB, perhaps by
limiting the duration of IKK activity.10,17–19

Reiley et al.20 found that TNF-α induced rapid
and transient NEMO-dependent phosphoryla-
tion of CYLD which is needed for TRAF2 ubiq-
uitination and downstream activation. This
suggests that phosphorylation of CYLD inacti-
vates its deubiquitination activity and that site-
specific phosphorylation of CYLD by IKK
regulates its signaling function. However, the
physical interactions reported above were
observed with ectopic CYLD, NEMO, and TRAF2
and have not been seen with endogenous 
proteins. Also, a recent report suggested that in
TNF-α-stimulated cells, CYLD down-modulation
enhanced JNK but not IKK activation whereas it
enhanced both upon CD40 stimulation.21 Thus,
at this time, the physiological role of CYLD in
TNF-α-induced NF-κB regulation remains
uncertain. It is possible that TNF-α/TRAF2-
mediated polyubiquitination may preferentially
activate JNK signaling, as suggested by
Habelhah et al.14

Other DUB enzymes which regulate IKK have
recently been reviewed.10 The best studied, A20,
inhibits IKK activity in two ways. Its N terminal
domain contains a DUB function that removes
K63 polyubiquitin chains from RIP and TRAF6,
interfering with TNFR and TLR signaling to IKK
and NF-κB and its C-terminal domain contains an
E3 ubiquitin ligase function which mediates K48
polyubiquitination of RIP, triggering its protea-
somal degradation.13 A20 knockout results in
termination of TNF-α-induced NF-κB activation,
providing in vivo evidence for the role of this
protein in negative regulation of NF-κB.10,22

The termination of NF-κB activation requires
the resynthesis of IκBs degraded initially in
response to signal. The IκB genes themselves are
transcriptional targets of NF-κB. The IκBs, there-
fore, act in an autoregulatory feedback loop 
to limit the duration of NF-κB signaling.2

Krappmann and Scheidereit10 argue that addi-
tional feedback circuits must operate when
upstream signaling is continuous, to augment
the inhibition of NF-κB activation by resynthe-
sized IκBs. They propose that selective ubiquiti-
nation provides multiple sites for feedback
inhibition of NF-κB activation to operate. For
example, RIP K48 ubiquitination and degrada-
tion is induced upon TNFR1 ligation23 with A20
providing the ubiquitin ligase activity.13 TRAF2
is also ubiquitinated and degraded with c-IAP1
acting as a ubiqitin ligase.24 Both A20 and c-IAP1
are NF-κB targets thus activating an autoregula-
tory circuit able to shut down TNF signaling 
following its induction. Other examples of
potential autoregulatory circuits involving ubiq-
uitination have been reviewed by Krappmann
and Scheidereit.10

SUMO modification

Protein modification by SUMO (small ubiquitin-
like modifier) is an important regulatory mecha-
nism for many cellular processes.25,26 SUMO
may regulate the NF-κB classical pathway in
two ways.26 Firstly, in response to activation sig-
nals, cytoplasmic IκBα undergoes polyubiquiti-
nation on lysines 21 and 22, targeting the protein
for proteasomal degradation, releasing active
NF-κB for translocation to the nucleus. IκBα can
be modified by SUMO-1 on lysine 21, thus blocking
ubiquitination and stabilizing the protein.27

SUMO modification therefore leads to repres-
sion of NF-κB by formation of a fraction of IκBα
that is unresponsive to signal. Secondly, in con-
trast to this negative regulation, it has recently
been reported that SUMO modification is essen-
tial for activation of NF-κB by DNA damage 
signals.26,28 SUMO conjugation to NEMO in
response to genotoxic signals occurs only on
IKK-free NEMO and is mediated in the nucleus
by the SUMO E3-ligase, PIASy.29 SUMO-modified
NEMO accumulates in the nucleus.28,29 Upon
SUMO removal, NEMO is mono-ubiquitinated
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and shuttled back to the cytoplasm where it 
activates IKK and induces NF-κB. The mono-
ubiquitination of NEMO is essential for its
nuclear export and proceeds in the nucleus only
after the phosphorylation on serine 85 of NEMO
by the kinase, ATM (ataxia telangiectasia
mutated).30 In a model proposed by Wu et al.,30

NEMO and ATM exit the nucleus together and,
with the protein ELKS, form a cytosolic signaling
complex with IKK to mediate NF-κB activation
in response to genotoxic stimuli.

The alternative pathway

In the alternative pathway the upstream mecha-
nism of IKKα activation is not well characterized.
In response to signal, NF-κB-inducing kinase
(NIK) is activated and phosphorylates and acti-
vates IKKα, which then phosphorylates p100,
triggering its processing to p522,3,31–33 (Figure 22.3).
How NIK is activated is uncertain. Only a very
low level of NIK can be detected in unstimulated
cells and it turns over rapidly. The mechanism
responsible for rapid NIK turnover may involve
TRAF3, as TRAF3 is known to negatively 
regulate BAFFR signaling to NF-κB in B lympho-
cytes.34 TRAF3 is associated with BAFFR 
(a receptor which signals preferentially to the
alternative pathway of NF-κB activation) and is
bound to NIK in unstimulated cells where it
induces NIK ubiquitination and proteolysis.
Upon stimulation, through BAFFR or CD40,
TRAF3 is degraded (how is not known) and NIK
is stabilized and accumulates as a result of new
synthesis.33,35,36 It is possible that stimulation
induces TRAF3 degradation only in some cell
lines and it is unclear what other processes may
play a role in NIK stabilization and activation.33

Besides activating IKKα, NIK plays an addi-
tional role in p100 processing. It recruits IKKα
to p100 in a kinase-independent manner and
may phosphorylate p100 at C-terminal serine
residues or recruit or modify other essential 
proteins for p100 processing.32,33,37 The known
receptors which activate the alternative pathway
are members of a subgroup of the TNFR family:
LTβR, BAFFR, RANK, and CD40. How they
transduce their signals to NIK and IKKα is
unclear as their receptor signaling domains
resemble those of other TNFR family members.

Since they also activate the classical pathway,
their intracellular signaling domains presum-
ably possess sequence motifs which link them to
the alternative pathway via NIK as well as to the
classical pathway. Some light was shed on this
question in the case of the BAFF receptor by the
finding that mutation of a putative TRAF3-binding
sequence motif of BAFFR (which preferentially
induces the alternative pathway) PVPAT, abol-
ished its interaction with TRAF3 and its ability
to induce the alternative pathway. In contrast, 
its mutation to PVQET, a more typical TRAF-
binding motif, rendered BAFFR able to induce
strong classical NF-κB signaling. Also, the mod-
ified BAFFR associated more strongly and more
rapidly with TRAF3. This suggests that the
PVPAT motif is not only essential for BAFF 
signaling to TRAF but also determines its signal-
ing specificity in induction of the alternative
pathway.38

NF-kB IN INFLAMMATION AND DISEASE

Inflammation and NF-κB are closely connected.
Inflammatory signals such as TNF-α activate
NF-κB and NF-κB activates transcription of a
number of proinflammatory genes, including IL-6
and TNF-α. Much progress has been made by
several groups in characterizing NF-κB’s
involvement in inflammatory disease and in the
contribution of chronic inflammation to the
development of a variety of diseases including
cancer, arthritis, atherosclerosis, and diabetes.39

We review below the progress made in under-
standing the role of NF-κB and inflammation in
two diseases: cancer and diabetes.

NF-kB in cancer

Certain chronic inflammatory diseases are 
associated with increased rates of cancer.40,41

Examples of inflammation-driven cancers that
have been studied in mouse models at the
genetic and biochemical levels include colitis-
associated cancer,42 and genetically induced
hepatic cancer (Mdr2 knockout mice).43 Based on
these studies it is proposed that activation of 
NF-κB by the classical pathway promotes
inflammation-induced carcinogenesis. In other
cancer models, including chemically induced
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skin and hepatic cancers, NF-κB had the oppo-
site effect, inhibiting carcinogenesis.44–47 Thus,
depending on the cell type, NF-κB can either
promote or inhibit carcinogenesis.

Colitis-associated cancer was induced in mice
by injection of the procarcinogen, azoxymethane,
and treatment with a gut inflammatory agent,
dextran sulfate sodium salt (DSS).42 Inhibition of
NF-κB activation by inactivation of IKKβ in
intestinal epithelial cells (enterocytes) resulted in
fewer tumors in the treated mice but no change 
in tumor size. This suggested that IKKβ-dependent
NF-κB in enterocytes contributes to tumor initia-
tion or early promotion (rather than tumor
growth and progression). Increased apoptosis of
the IKKβ-deficient enterocytes including preneo-
plastic cells was noted following carcinogen/
DSS treatment (probably due to defective induc-
tion of the anti-apoptotic NF-κB target, Bcl-XL).
Thus, the tumor-promoting function of NF-κB in
enterocytes depends on its anti-apoptotic effects
on preneoplastic progenitors rather than on its
activation of proinflammatory genes.42 However,
a second mechanism whereby NF-κB can affect
tumor promotion depends on its induction of
proinflammatory cytokines in myeloid cells.
When IKKβ was deleted in myeloid cells which
are not themselves transformed by carcino-
gen/DSS treatment but which are important for
development of colitis-associated cancer, tumor
size was decreased with some reduction also in
tumor number.42 The decrease in size was due to
reduced proliferation of transformed epithelial
cells. This proliferation depends on growth fac-
tors produced by myeloid cells. One of these 
is IL-6, encoded by an NF-κB target gene.
Neutralizing antibodies to the IL-6 receptor
inhibited tumor growth without affecting tumor
number,48 resembling somewhat the effect of
myeloid-specific ablation of IKKβ. IKKβ-
activated NF-κB therefore contributes to colitis-
associated cancer in two ways: in enterocytes it
activates anti-apoptotic genes and thereby sup-
presses the apoptotic elimination of preneoplas-
tic cells and in myeloid cells it promotes the
production of cytokines that act as growth factors
for premalignant enterocytes.41

In inflammation-driven cholestatic cancer,
caused by inactivation of the Mdr2 P-glycoprotein
transporter,49 chronic low grade liver inflammation

eventually leads to hepatocellular cancer at
about 8 months of age. The initiating event in
causation of the cancer is unknown, although
the tumor stroma – like that in colitis-associated
cancer – is an important source of tumor-
promoting cytokines, here, TNF-α. As in the
colitis model, inhibition of NF-κB (in this case,
through expression of a non-degradable IκB
‘super-repressor’ active in hepatocytes) markedly
reduced tumorigenesis.43 How NF-κB is acti-
vated in this model is unknown but it appears 
to depend on production of TNF-α by non-
parenchymal cells, i.e. Kupffer cells and
endothelial cells. Inhibition of TNF-α signaling
blocked activation of NF-κB in hepatocytes and
early tumors and, like inhibition of NF-κB itself,
increased hepatocyte apoptosis and reduced
tumor number. Thus, in this model too, an
important protumorigenic function of NF-κB is
its anti-apoptotic role in promoting survival of
premalignant or early neoplastic cells.41 The role
of NF-κB in inflammatory cells has not been
fully investigated in this model but presumably
is important for production of TNF-α and other
cytokines. It should be noted that unlike the
Mdr2 knockout model in which inhibition of
NF-κB for the first 7 months of life did not
reduce tumorigenesis, in the colitis-associated
cancer model, most of the apoptotic death of
IKKβ-deficient enterocytes occurred within a
few days of exposure to carcinogen plus inflam-
matory agent, most likely due to inability to
induce the anti-apoptotic factor Bcl-XL and
higher expression of pro-apoptotic proteins.40

According to the models cited above NF-κB 
is a critical promoter of inflammation-linked
cancers. However, strong evidence has recently
emerged that it has the opposite effect in models
of chemically induced skin and liver cancers.
Maeda et al.46 have described a tumor-suppressive
role of IKKβ-dependent NF-κB activation in
chemically induced hepatocarcinogenesis. They
showed that while loss of NF-κB increased apop-
tosis (as was the case in the previously discussed
models), in this case, compensatory proliferation
of hepatocytes (including preneoplastic cells)
stimulated by proinflammatory cytokines was
instrumental in carcinogenesis. These authors
used a mouse model with a hepatocyte-specific
knockout of IKKβ, the predominant catalytic
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subunit of the IKK complex that is required 
for activation of NF-κB by TNF-α and other 
proinflammatory stimuli.50 Unexpectedly, this 
knockout enhanced rather than inhibited the
development of diethylnitrosamine (DEN)-
induced liver cancer. The opposite result was
seen when IKKβ was inactivated in hematopoi-
etic-derived cells (most likely, resident liver
macrophages, i.e. Kupffer cells): hepatocellular
cancer was inhibited following DEN treatment.
As in other cells, NF-κB provides an important
survival function in hepatocytes. Its absence in
hepatocytes thus enhances the killing of these
cells by DEN but because of the regenerative
capacity of hepatocytes (largely driven by factors
such as TNF-α, IL-6, and hepatocyte growth
factor produced by non-parenchymal cells, par-
ticularly Kupffer cells), increased hepatocyte
death results in a more extensive proliferative
response with the likelihood of selection of pre-
neoplastic DEN-induced mutant cells. Maeda 
et al. therefore proposed that in mice with a
hepatocyte-specific deficiency in NF-κB exposed
to DEN an increase in liver cancer is caused by
increased compensatory proliferation.50 Maeda
et al. and Sakurai et al. also showed that JNK
activation was critical for chemically induced
hepatocellular carcinoma.47,50 One way in which
NF-κB provides its survival function in TNF-α-
treated cells is inhibition of prolonged JNK acti-
vation.51,52 JNK is a member of the MAP kinase
family that stimulates AP-1 transcription factors.53

It is known that NF-κB activation in response to
TNFR1 engagement causes termination of JNK
activation, through a mechanism that depends on
induction of anti-oxidant proteins.52,54 TNF-α or
DEN treatment of mice with hepatocyte-specific
IKKβ deficiency resulted in prolonged JNK acti-
vation.46,55 As well as promoting death of TNF-α-
treated IKKβ-deficient hepatocytes, JNK activation
was also shown to be necessary for cytokine-
driven compensatory proliferation of hepatocytes
following DEN treatment.47 Thus the control of
tissue regeneration through the IKK and JNK path-
ways plays a key role in liver carcinogenesis.

In mice with a deficiency in IKKβ in their
myeloid cells, the induction of cytokines was
prevented following DEN treatment and hence
proliferation of hepatocytes was inhibited,
resulting in fewer hepatic tumors.

NF-κB has also been shown to act as an anti-
tumorigenic factor in a model of skin cancer. 
In a two-stage skin carcinogenesis mouse model
where tumorigenesis was initiated by dimethyl-
benzanthracene then promoted by the phorbol
ester, TPA, inhibition of NF-κB in keratinocytes
greatly increased the frequency of squamous cell
carcinomas.44,45 Similarly, inhibition of NF-κB 
in primary keratinocytes promoted their Ras-
mediated transformation.56 The anti-tumorigenic
activity of NF-κB was explained by either inhibi-
tion of cell cycle progression45,56 or its inhibition
of JNK activity.57 By inhibiting JNK, NF-κB acts
as a negative regulator of TNF-α-induced AP-1
activity, thereby suppressing the tumorigenic
activity of TNF-α. The source of TNF-α during
skin carcinogenesis is not known.41

Further evidence of the role of NF-κB in cancer
comes from the molecular screening of patients
with diffuse large B-cell lymphoma (DLBCL), 
the most common form of non-Hodgkin’s 
lymphoma which affects B lymphocytes. Gene
expression profiling using ‘lymphochip’ microar-
rays enriched in genes expressed in lymphocytes
and hybridized against cDNAs from normal and
malignant lymphocyte samples of patients
showed that this lymphoma consists of at least
three molecular subgroups that differ in the
expression of several hundred genes.58–63

In one, the activated B-cell-like (ABC) subgroup,
NF-κB was shown to be constitutively active.
Cell lines resembling the ABC subgroup were
found to have constitutive IKK activity and high
expression of known NF-κB target genes, includ-
ing A1, an anti-apoptotic member of the BCL-2
family. Dominant-negative inhibitors of the 
NF-κB pathway, an IκBa super-repressor and a
dominant-negative mutant of IKKβ, caused
death of these cell lines, as did small molecule
inhibitors of IKK, indicating that the NF-κB
activity of these cells (and, by implication, of the
ABC subgroup of DLBCL cells) was essential for
their survival.64,65 More recently, a second sub-
group, primary mediastinal B-cell lymphoma
(PMBL), has been found to express NF-κB target
genes and have nuclear NF-κB, demonstrating
the activity of the NF-κB pathway in this sub-
group as well.59,66 The gene profile of PMBL
overlaps that of Hodgkin’s lymphoma, which is
also characterized by constitutive NF-κB.67–71
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Mathas et al. found that AP-1 (c-Jun and JunB –
an NF-κB target gene) were also constitutive in
Hodgkin’s lymphoma cells and supported their
proliferation in cooperation with NF-κB.72

Feuerhake et al. also reported that PMBL cells
have constitutive NF-κB with high levels of
nuclear c-REL.73 These cells, like the ABC subgroup
of DLBCL, underwent increased apoptosis when
expressing a super-repressor form of IκBα, thus
also implicating constitutive NF-κB in PMBL
survival. PMBLs expressed increased levels of
NF-κB targets that promote cell survival and
favor anti-apoptotic TNF-α signaling. ABC-like
DLBCLs had a more restricted, potentially
developmentally regulated NF-κB target gene
signature.73

The third molecular subgroup, germinal
center B (GCB) cell-like DLBCL did not exhibit
constitutive NF-κB and were not dependent on it
for survival.64

A loss of function RNA interference screen in
which retroviral vector-borne pools of a library
of small hairpin RNAs (shRNAs) targeting 
2500 human genes were used to transduce cell
lines representing the ABC-like and GCB-like
subgroups of DLBCL revealed that CARD11
(CARMA-1) was a key upstream signaling com-
ponent responsible for the constitutive IκB
kinase activity in ABC-like DLBCL. The authors
point out that such screens may be useful in
establishing a functional taxonomy of cancer
and aid in the discovery of new classes of more
specific therapeutic targets distinct from known
oncogenes.74

NF-kB in diabetes

Obesity, inflammation, and type 2 diabetes
(characterized by peripheral insulin resistance)
may be linked. Obese patients exhibit elevated
inflammatory cytokines that may cause hepatic
insulin resistance.75 Also, a role for NF-κB has
been found in the development of insulin resist-
ance. Salicylates, which are known to inhibit
activation of NF-κB, prevent obesity-induced
insulin resistance in mice76 and targeted disrup-
tion of IKKβ decreased obesity- and dietary-
induced insulin resistance. High fat diet increased
IKKβ activity and the consequent activation of
NF-κB was associated with higher levels of

inflammatory cytokines (IL-1, IL-6, TNF-α).77

Mice which expressed constitutive IKKβ in
hepatocytes developed type 2 diabetes.77 Mice
with a hepatocyte-specific knockout of IKKβ
retained insulin sensitivity in the liver but devel-
oped insulin resistance in muscle and adipose
tissue in response to a high fat diet.78 In contrast,
mice with specific deletion of IKKβ in myeloid
cells retained global insulin sensitivity and were
protected from insulin resistance.78 Thus, IKKβ
acts locally in liver and systemically in myeloid
cells, where NF-κB activation induces inflamma-
tory cytokines that may cause insulin resistance.
These findings demonstrate the importance 
of IKKβ in hepatic insulin resistance and the 
central role of myeloid cells in development of
systemic insulin resistance in type 2 diabetes.78

Recent findings suggest that the effect of 
NF-κB activation on the development of insulin
resistance extends beyond IKKβ and the classical
pathway. NF-κB2 may make a contribution,
albeit a partial one. Mice deficient in NF-κB2 are
observed to be less susceptible to the onset of
insulin resistance when fed a high fat diet. The
cause of this is unknown but suggests a role for
NF-κB2 in the development of insulin resistance
(E. Claudio and U. Siebenlist, unpublished
results).

CONCLUSIONS

The last few years have seen dramatic progress
in our understanding of the regulation of NF-κB
activation and of the roles of NF-κB in health
and disease.

The key involvement of ubiquitination, both
lysine 48-linked and lysine 63-linked, in the 
activation of NF-κB has been greatly expanded,
although many mechanistic details are yet to be
filled in, especially in the alternative pathway of
NF-κB activation. Other areas of advancement in
NF-κB signaling include the modification by
acetylation and phosphorylation of NF-κB 
subunits; downstream signaling from the TCR
and progress in TLR signaling (reviewed in
Hayden and Ghosh,2 Weil and Israel,79 Iwasaki
and Medzhitov,80 Akira and Takeda81).

Rapid progress has been made in elucidating
the relationship between dysfunctional NF-κB
signaling and inflammatory diseases, including
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certain cancers, diabetes, atherosclerosis, and
autoimmune diseases. Considerable effort is
presently being expended in the search for effec-
tive NF-κB inhibitors with tolerable toxicity for
therapeutic use as anti-inflammatory and anti-
cancer drugs. This is impeded by the difficulty
of targeting NF-κB in pathological states because
of the key importance of NF-κB in the physiol-
ogy of healthy cells. Also, whether inhibition of
NF-κB alone will suffice in treatment of these
diseases or whether it can augment the efficacy
of other treatments in combined therapy remains
an open question. Further research to elucidate
the molecular differences between the signaling
of NF-κB to different target genes may assist us
to answer this important question.
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INTRODUCTION

Cytokine networks are an essential component
of the pathophysiology of rheumatoid arthritis
(RA). They involve an extremely complex series
of interactions between cytokines and their
respective receptors. The receptors then signal
the affected cell to produce a variety of down-
stream substances that cause or regulate the
inflammatory response, and related processes
such as cartilage degradation and bone loss or
deposition. Direct inhibition of individual
cytokines such as tumor necrosis factor (TNF)-α
and interleukin (IL)-1 have proven to be effec-
tive strategies in the treatment of RA, and in the
case of TNF, have surpassed the efficacy of all
previously known therapies. However, it is 
possible that the simultaneous inhibition of the
effects of several cytokines would create an even
more effective therapeutic strategy. Of course,
this would need to be done in such a way as to
not produce such broad immune suppression or
other effects as to significantly increase the rate
or types of adverse events when compared with
currently accepted therapies.

One such strategy could be to inhibit the
effectors of signal transduction that several
cytokines have in common. A well-known 
pathway whose mechanism may be amenable to
this multi-cytokine blocking approach is the

Janus kinase system, which includes JAK-1,
JAK-2, JAK-3, and Tyk-2. In particular, the het-
erodimeric/trimeric receptors for the cytokines
IL-2, -4, -7, -9, -15, and -21 all share a common 
γ chain in their structure, and signal through the
JAK-1 and -3/STAT (signal transducer and acti-
vator of transcription) pathways (Figures 23.1
and 23.2). JAK-3 is uniquely associated with
downstream signaling of the common γ chain,
and thus, inhibition of any step in this pathway
could potentially lead to blockade of the effects
of these important cytokines.1 Further, inhibition
of JAK-1 would also inhibit signaling by 
interferon (IFN)-γ, while inhibition of JAK-2
(through reduction of IL-6 signaling) could be
useful in the treatment of RA, as IL-6 is a crucial
mediator of inflammatory arthritis. Tyk-2 could
also be an effective target for arthritis treatment.
Tyk-2 is important to the signaling of interferons
and IL-s 12 and -23. Furthermore, Tyk-2 knock-
out (KO) mice are resistant to the development
of collagen-induced arthritis (CIA).2 However,
this pathway is relatively less elucidated than
the other JAKs and therapies related to Tyk-2 are
just now being developed.

On the other hand, important cytokines and
growth factors, such as granulocyte/macrophage
colony-stimulating factor (GM-CSF), erythropoi-
etin, and thrombopoietin, also signal through
JAK-2. Thus, a broad inhibition of this kinase
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could lead to significant problems with blunting
of hematopoeisis.

This chapter will focus on: 1) the roles of 
the aforementioned cytokines in the immune
response in general and RA specifically, 2) further

definition of the JAK-STAT pathway and 
its role in cytokine signal transduction, and 
3) potential strategies for blocking the effects of
this pathway and its potential effects on RA 
disease activity.

CYTOKINES IN RA

The cytokines that effect their actions through
their respective common γ chain-containing
receptors, with the exception of IL-9, have been
implicated to varying degrees in the pathogene-
sis of RA (Figure 23.2).

IL-2

IL-2 has been the subject of extensive research
related to RA. IL-2 is primarily a proinflamma-
tory cytokine which promotes the differentiation
of T cells into so-called Th1 helper cells, which
then also secrete IL-2. This amplified IL-2
response is among the key cytokines that acti-
vate macrophages, which in turn lead affected
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Figure 23.1 Cytokine/receptor interactions and the Janus kinases.

When the JAK-related cytokines bind their respective receptors,

this induces a conformational change in the receptor, leading to

close association of JAKs 1 and 3, which are associated with the

α and γ chains of the receptor, respectively. The JAKs then

phospohorylate the receptor, enabling STAT recruitment.
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Figure 23.2 The six cytokine receptors that share a common γ chain and the downstream effects of their signaling. Reproduced

with permission from Ivashkiv LB, Hu X. The JAK/STAT pathway in rheumatoid arthritis: pathogenic or protective? Arthritis Rheum

2003; 48: 2092–6.
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cells such as fibroblasts and osteoclasts to cause
the joint damage inherent in RA.

Indeed, strategies to inhibit the effects of 
IL-2 have been found to be effective in an exper-
imental animal model, CIA, in rhesus monkeys.
When daclizumab (anti-CD-25 mAb), a mono-
clonal antibody to the α subunit of the IL-2
receptor, was administered either prophylacti-
cally or therapeutically to these monkeys, it
caused a significant decrease in clinical disease
activity and markers of cartilage breakdown.3

In human RA, attempts have been made to cor-
relate markers of the IL-2 pathway with disease
activity. One study showed some weak correla-
tions of serum levels of the soluble IL-2 receptor
(IL-2R) with measures of disease activity, but they
did not correlate with radiographic measures 
of joint damage.4 A histopathologic study of
rheumatoid synovium demonstrated that stain-
ing for significant amounts of IL-2R was a marker
for a particular histologic finding, the presence of
lymphocytic follicles, including germinal center-
like structures.5 This finding is estimated to occur
in about one-third of patients with RA, and has
been correlated with severe disease.

IL-15

IL-15 is presented next, as it bears great similar-
ities in its effects to IL-2, and has homology of 
its β-receptor subunit in addition to the 
common γ chain. However, IL-15 does have
some important distinctive features. First, some
of its important functions may be executed by its
membrane-bound form. Also, IL-15 appears to
be particularly important in the maintenance of
memory T cells. This observation implies that
IL-15 may be key to maintenance of an immune
response to recurrent and/or persistent expo-
sure to antigen. While this is desirable in the case
of microbial antigens, it is not desirable in the
case of self-antigen (autoimmunity). Thus, it is
possible that inhibition of IL-15 could increase
the chance of deletion of memory T cells that are
reactive to a putative causal self-antigen in RA.
Combined with inhibiting its pleotropic IL-2-like
effects on the proliferation and activation of lym-
phocytes, macrophages, and other cells in the
joint (e.g. fibroblasts), this could provide a com-
pelling rationale for IL-15 inhibition as a thera-
peutic strategy in RA.6,7

In fact, an initial, small open-label study of a
mAb to IL-15 has been conducted. In this 12-week
study, 63% of subjects achieved an ACR 20
response, 38% an ACR 50, and 20% an ACR 70.
However, results must be interpreted with great
caution as this study was only designed to
observe safety and tolerability, and there was no
placebo group for comparison.6,8 A follow-up
randomized, double-blind, placebo-controlled
trial has also now been presented in abstract
form. It appears to confirm the earlier response
rates, although the proportion of ACR 20
responders was somewhat lower at the 14-week
primary endpoint, leading to a failure to statisti-
cally separate from placebo at that time.9

Nonetheless, the response rates seen in both
studies are comparable to those seen with mar-
keted biologic therapies for RA.

IL-4

IL-4 is classically thought of as an anti-inflam-
matory cytokine. It up-regulates the production
of IL-1R antagonist, thus decreasing the deleteri-
ous effects of IL-1, and inhibits cartilage destruc-
tion by inhibiting TNF-induced release of
metalloproteinases. Thus, it has always been the-
orized that IL-4 is beneficial to the treatment of
RA. This, in fact, seemed to be confirmed by a
study that introduced IL-4 into the joints of rats
in the adjuvant-induced arthritis (AIA) model
with an adenoviral vector. Whether introduced
prophylactically or therapeutically, IL-4 signifi-
cantly reduced joint inflammation and destruc-
tion in this model.10

However, there is also emerging evidence
that in some ways IL-4 might promote arthritis.
In one study, IL-4 was demonstrated to reduce
apoptosis in synoviocytes, and thus promote
synovial hyperplasia.11 Furthermore, in another
intriguing study, IL-4 KO mice did not develop
the typical acute arthritis in a CIA model, but
rather a chronic relapsing-remitting form of
arthritis weeks later.12

IL-7

IL-7’s primary role is to promote intra-thymic
differentiation of lymphocytes and maintain the
survival of peripheral naïve lymphocytes.7

Circulating levels of IL-7 have been found to be
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relatively deficient in patients with active RA,
and thus its role in RA has been questioned.
Nonetheless, it does play potentially key roles in
bone and joint physiology which implicate it in
the pathogenesis of RA. For example, IL-7 also
appears to play an important role in osteoclast
differentiation, and thus may promote bone loss.
Also, it increases activation of CD4+ T cells and
monocytes/macrophages in RA synovium.13–17

IL-21

IL-21 is similar structurally to IL-2, -4, and -15,
and is expressed by activated CD4+ T cells. It
also is involved in the activation and expansion
of natural killer (NK) cells and the costimulation
and proliferation of B and T cells. Recently, the
importance of this cytokine to promoting B-cell
apoptosis has also been delineated.18,19 Its
expression is thought to be primarily limited to
the immune system. The limited published 
studies of IL-21’s role in RA to date in fact have 
confirmed through several independent
methodologies that IL-21 is not expressed in RA
synovium. However, its receptor (IL-21R) is
highly expressed in the synovial lining layer.
The significance of this is unclear. The authors of
the aforementioned article theorize that it may
play a role in excessive connective tissue deposi-
tion, as they have noted the same finding in the
lungs of patients with pulmonary fibrosis and
the skin of patients with systemic sclerosis. It is
also unclear why IL-21 appears to be absent in
the joint despite up-regulation of its receptor. It is
theorized that perhaps this receptor has another
ligand other than IL-21 that could be important
to the development or perpetuation of RA.20

In short, the cytokines that signal through
receptors with a common γ chain largely have
effects that are already known to be essential 
in RA, or have begun to be implicated in RA
through emerging data.

THE JAK-STAT PATHWAY

How then do these RA-related cytokines lead to
the expression of other molecules key to the
pathogenesis of this disease? This is through the
JAK/STAT (signal transducers and activators of
transcription) pathway.

In short, when the JAK-related cytokines bind
their respective receptors, this induces a confor-
mational change in the receptor, leading to close
association of JAK-1 and JAK-3, which are asso-
ciated with the α and γ chains of the receptor,
respectively. The JAKs then phosphorylate the
receptor, enabling STAT recruitment. The
STATs in turn are phosphorylated, dimerize,
and translocate to the nucleus, where they bind
DNA and thereby regulate gene expression
(Figure 23.3).

Seven distinct STAT molecules have been
described. IL-4 signals primarily through STAT6,
while the other common γ chain-associated cyto-
kines signal primarily through STATs 3, 5a, and
5b. All of the other common γ chain-associated
cytokines appear to regulate the expression of a
similar profile of genes, although the overlap is
less complete with IL-4, possibly due to its 
signaling through STAT6.21

JAK-STAT INHIBITION IN RA

We have reviewed the evidence implicating five
important RA-related cytokines that act through
the JAK/STAT pathway. It is thus logical that
inhibition of this pathway could lead to a reduc-
tion in RA disease activity and associated joint
destruction. Below we review the current direct
evidence that JAK-3 and STATs are expressed in
RA and that inhibition of these molecules could
ameliorate this condition.

Walker et al. have recently demonstrated that
in RA synovia (in this case exclusively from
seropositive patients) there is a population of
dendritic cells that intensely stains for JAK-3 and
STATs 4 and 6. As dendritic cells are the primary
antigen-presenting cells in RA and are key to
perpetuation of inflammation, this further sub-
stantiates the role of JAK-3 and its signaling
through STATs.22

It is thus reasonable to assume that inhibition
of this pathway could lead to improvement of RA.
It is possible that inhibition of selected STATs
could be an attractive target for RA therapy.
However, since the roles of the individual STATs
have not been fully elucidated, and there seems
to be some redundancy in signaling of proin-
flammatory cytokines through multiple STATs
and other pathways, this may not be practical.
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Furthermore, some of the STATS that have been
clearly implicated in RA inflammation (such as
STAT3), also can be anti-inflammatory at times
and it has been extremely difficult to synthesize
molecules that inhibit protein–DNA interac-
tions, the principal actions of STATs.

Agonists of proteins such as SOCS (suppres-
sor of cytokine signaling) are also a promising
strategy, as this protein is required in the 
activation of multiple STATs. SOCS agonists
could block the proinflammatory effects of 
JAK-2-related cytokines such as IL-6 without
having the potentially deleterious effects of
direct inhibition of JAK-2 on hematopoiesis.
Inhibition of JAK-3 itself could likely take care of
many of the redundancies in the STAT pathway
and produce a significant anti-inflammatory
effect with minimal inhibition of anti-inflammatory
cytokine effects.

An orally bioavailable inhibitor of JAK-3, 
CP-690,550 is now in clinical development. This
inhibitor is effective in reducing allograft rejec-
tion in animal models of organ transplantation23

and has been tested in two standard rodent
models of RA, murine CIA and rat AIA.24 In
these latter experiments, CIA and AIA were
induced in mice and rats using standard proto-
cols and animals were dosed therapeutically
with CP-690,550, up to 15 mg/kg/day, or vehicle
control. Arthritis was scored clinically up to
study end (28 days in mice and 14 days in rats)
then animals were sacrificed and hind limbs
were evaluated histologically. Serum CP-690,550
levels were determined at the time of sacrifice.
CP-690,550 produced dose-dependent decreases
in clinical scores in both models of RA, with ED50s
of approximately 1.5 mg/kg/day. This corre-
sponded to CP-690,550 serum levels of 5.8 ng/ml
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Figure 23.3 Cytokine activation of Janus-activated kinase/signal transducer and activator of transcription (JAK/STAT) pathway.

Cytokine ligation and dimerization of plasma membrane receptors (shown in gray) result in activation of receptor-associated JAK

kinase and phosphorylation (P) of receptor cytoplasmic domain tyrosine residues (Y1, Y2, Y3). Latent cytoplasmic STAT proteins

are recruited to phosphorylated tyrosine residues via an SH2 domain-phosphotyrosine (SH2-pY) interaction. STATs are then

phosphorylated on a conserved carboxy-terminus tyrosine, dimerize, and translocate to the nucleus to activate gene transcrip-

tion. Reproduced with permission from Pesu M, Candotti F, Husa M et al. JaK-3 severe combined immunodeficiency, and a new

class of immunosuppressive drugs. Immunol Rev, 2005; 203: 127–42.
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in mice (day 28) and 24 ng/ml in rats (day 14). In
both RA models, all tested doses of CP-690,550
treatment resulted in a significant improvement
in clinical scores, with >90% disease reduction
observed at the 15 mg/kg/day dose. Histologic
evidence of inflammation and joint damage was
reduced by CP-690,550 in both RA models. 
In the CIA model, the histologically determined
ED50 was approximately 6.5 mg/kg/day and in
mice dosed at 15 mg/kg/day, all histologic
parameters were equivalent to naïve mice.

The immunosuppressive activity of CP-690,550
was also assessed in a phase I study in 59 psori-
asis patients given twice-daily doses of 5, 10, 20,
30 mg, 50 or 60 mg once daily, or placebo for 
14 days.25 All but the lowest CP-690,550 dose
were associated with a significant percent reduc-
tion in modified Psoriasis Area and Severity
Index on day 14. Reductions appeared to be cor-
related with drug exposure. CP-690,550 also
improved Physician Global Assessments by
40–64% on day 14, in subject groups treated with
the 20, 30, and 50 mg twice-daily doses. The
medication was well tolerated. The combination
of dramatic effects on an animal model of RA
and a human immune-mediated disease are
very preliminary, yet encouraging with regard
to providing evidence for the potential promise
of JAK-3 inhibition in RA. Thus, a phase 2A
proof-of-concept study of CP-690,550 in patients
with RA has recently been completed, with
encouraging results [ref. Pending ACR abstract].

SUMMARY AND CONCLUSIONS

Available literature substantiates that an essen-
tial role for cytokine signaling is essential in the
development and perpetuation of RA. Direct
inhibition of single cytokines has already led to
definitive improvements in the treatment of RA.
It is theorized that interfering with common 
signaling pathways of multiple cytokines could
produce at least an equally exuberant therapeutic
effect. The JAK-STAT pathway is a prime exam-
ple of that which could be amenable to produc-
ing such an effect. Of course, consideration must
be given to the likelihood that deleterious effects
could also ensue. Selective inhibition of JAK-3 in
theory inhibits six cytokines important to
immune regulation, five of which are felt to be

implicated in the pathophysiology of RA. Use of
the selective JAK-3 inhibitor, CP-690,550 has
proven effective in animal models of transplan-
tation and RA and now, preliminarily, in human
psoriasis. Human arthritis studies are under way.
Future study of the JAK-STAT pathway likely
will provide further strategies for modulation of
other steps in this pathway that may be beneficial
in the treatment of rheumatoid arthritis.
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INTRODUCTION

Local synovial overproduction of proinflamma-
tory cytokines appears to be a key pathogenic
feature in the development of rheumatoid
arthritis (RA). Cytokines such as tumor necrosis
factor (TNF) and interleukin-1 (IL-1) have been
shown to be important in disease progression,
both in RA and in animal models of inflamma-
tory arthritis. The central role of inflammatory
cytokines in human RA has been exploited in the
development of specific inhibitors which block
the activity of proinflammatory cytokines by
preventing binding to cognate receptors. Such
agents are now widely used in the treatment of
RA. However, approximately 40% of patients
with RA fail to respond to treatment with TNF
inhibitors, highlighting a large clinical need for
new drugs. Another strategy for the develop-
ment of novel therapeutics for the treatment of
RA would be to target signal transduction path-
ways that are shared between a number of dif-
ferent cytokines. This approach would have 
the advantage of inhibiting multiple proinflam-
matory cytokines, potentially helping a larger 
proportion of patients. One family of proteins
which may be useful therapeutic targets for the

treatment of RA is the suppressor of cytokine
signaling (SOCS) proteins.

SOCS PROTEINS

Although acute inflammatory responses
induced by cytokine stimulation of cells are 
crucial for host defense against infection, uncon-
trolled inflammation can be deleterious for the
host by causing tissue damage. For this reason,
negative regulatory mechanisms exist to limit
the extent of cytokine responses and tissue
damage associated with host defense, and to
return the body to normal homeostasis. One
family of proteins that are involved in the nega-
tive regulation of inflammatory responses are
the SOCS molecules.1 These intracellular pro-
teins are induced following cytokine stimulation
and act in via classical negative feedbacks loop
to inhibit signal transduction and control cytokine
signaling. There are eight known SOCS proteins,
SOCS1–7 and cytokine-inducible SH2-containing
protein (CIS). SOCS proteins are characterized
by a central SH2 domain and a C-terminal motif
known as the SOCS box. SOCS-1 was originally
identified independently by three groups through
the ability to inhibit IL-6 signaling, using a
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screen for proteins able to bind the kinase region
of Janus activated kinase (JAK)-2 and via homol-
ogy of the SH2 domain to signal transducer and
activator of transcription (STAT)-3.2–4 SOCS-1
was identified as a protein that acted to nega-
tively regulate the JAK-STAT pathway used by a
number of cytokines for signal transduction.
Subsequent database searches for homologous
proteins identified other members of the SOCS
family, as well as a range of proteins containing
the SOCS box, clustered into additional protein
families, including WSB proteins, which contain
WD-40 repeats, SSB proteins, which contain SPRY
domains, and ASB proteins, which contain
ankyrin repeats.5 However, to date these proteins,
have not been shown to play a role in regulating
cytokine signaling.

Initial studies on the ability of SOCS proteins
to inhibit cytokine signaling reported that SOCS-1
was induced following stimulation with a wide

variety of cytokines. These included cytokines
that signal through the JAK-STAT pathway,
including IL-2, IL-6, and interferon (IFN)-γ, as
well as cytokines that utilize other signal trans-
duction pathways, such as TNF.2,6–8 In addition,
SOCS-1 could be induced by other molecules,
such as lipopolysaccharide (LPS).9 Identification
of cytokines inhibited by SOCS-1 was initially
performed using in vitro overexpression systems.
Collectively, these studies indicated that a wide
variety of cytokines could be inhibited by SOCS-1,
suggesting that SOCS proteins that SOCS pro-
teins act more specifically to inhibit the activity.
Subsequent experiments using SOCS-deficient
mice have shown that SOCS proteins act more
specifically but do inhibit the activity of a number
of different cytokines.

SOCS proteins inhibit cytokine signaling in
two ways (Figure 24.1). SOCS-1 and SOCS-3
inhibit the phosphorylation of STAT molecules
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Figure 24.1 Mechanism of suppression of cytokine signaling by SOCS proteins. (A) Binding of cytokines to a cognate receptor

initiates an intracellular signaling cascade, such as activation of the JAK-STAT signal transduction pathway. This results in tran-

scription of target genes to bring about a biological response. Among the genes activated following cytokine signaling are Socs1

and Socs3.  (B) SOCS proteins bind to the receptor complex and inhibit STAT phosphorylation, either by binding to JAKs and

inhibiting kinase activity, or by binding to the cytokine receptor itself, preventing recruitment of STATs to the receptor complex.

SOCS proteins also target bound proteins for ubiquitination and proteosomal degradation via the SOCS box motif.
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by activated JAKs. This can occur either through
direct binding of SOCS-1 to JAKs, thereby
inhibiting the catalytic domain, or by binding
phosphorylated tyrosine residues on cytokine
receptors, such as gp130, blocking recruitment of
STAT molecules to the receptor complex. In both
cases, phosphorylation of STATs is prevented,
blocking translocation of activated STAT dimers
to the nucleus. In addition, SOCS proteins are able
to promote the degradation of bound proteins by
ubiquination and proteosomal degradation.10 This
occurs through the binding of the SOCS box to
elongins B and C, which are part of the E3 ubiqui-
tin ligase complex. The SOCS box is essential for
SOCS protein activity since deletion of the SOCS
box from the protein results in marked loss of
activity.11

The physiologic role of SOCS proteins has
been determined by generating mice lacking
individual SOCS proteins (Table 24.1). This
approach has revealed strikingly different phe-
notypes, demonstrating that the SOCS proteins
have specific and non-redundant functions in vivo.
SOCS-1−/− mice are runted and die at around 
2–3 weeks of age from an inflammatory syn-
drome in multiple organs and necrosis of the
liver.12,13 SOCS-2−/− mice are approximately 20%
larger than their wild-type littermates due to

dysregulated growth hormone and insulin-like
growth factor (IGF)-1 signaling.14,15 Deletion of
SOCS-3 results in embryonic lethality due to
defects in placental development that arise as a
result of defective leukemia inhibitory factor
(LIF) signaling.16,17 SOCS-4 and SOCS-5 have
been implicated in the regulation of epidermal
growth factor receptor signaling,18,19 although
SOCS-5−/− mice are phenotypically normal.20

SOCS-6 binds to proteins associated with the
insulin receptor signal transduction pathway
and SOCS-6−/− mice were approximately 10%
smaller than wild-type littermates. However, no
defect in glucose homeostasis was observed in
SOCS-6-deficient mice.21 SOCS-7−/− mice devel-
oped mild growth retardation and approxi-
mately 50% of mice died within 15 weeks of age
due to hydrocephalus. The biochemical basis for
the development of hydrocephalus in the
absence of SOCS-7 is not known.22 CIS-deficient
mice have been reported to have no pheno-
type,16 although transgenic mice exhibit growth
retardation, impairment of mammary gland
development, and defects in IL-2 signaling, sug-
gesting that CIS is involved in the regulation of
STAT5 in vivo.23

Although much remains to be discovered
about the physiologic roles of SOCS proteins, it
is apparent that SOCS-1 and SOCS-3 are particu-
larly active in the regulation of inflammatory
responses. Mice deficient in either SOCS-1 or
SOCS-3 spontaneously develop inflammation in
multiple organs and eventually succumb to
inflammatory syndromes. The biological func-
tions of SOCS-1 and SOCS-3, however, are 
non-redundant, since the type of inflammatory
responses these mice develop are different, 
due to regulation of a different panel of
cytokines by SOCS-1 and SOCS-3, as discussed
below.

SOCS-1

SOCS-1 was originally identified as an inhibitor
of STAT1 phosphorylation. It is induced in
response to a wide variety of stimuli, including
cytokines such as IL-2, IL-4, IL-6, IL-10, granulo-
cyte colony-stimulating factor (G-CSF), growth
hormone, IFN-γ, TNF, and insulin, as well as other
immunostimulatory molecules such as LPS1.
SOCS-1 functions by binding to the catalytic
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Table 24.1 Phenotypes of SOCS-deficient mice

Knockout Phenotype References

SOCS-1 Neonatal lethality due to 12, 13
monocytic infiltration into 
multiple organs,
hepatocyte necrosis,
and lymphopenia 

SOCS-2 Gigantism due to excessive 
response to growth 
hormone and IGF-1 signaling 14

SOCS-3 Mid-gestational lethality due 
to defective placental 
development 16, 17

SOCS-4 No knockout reported
SOCS-5 No abnormality reported 20
SOCS-6 Mild growth retardation 21
SOCS-7 Mild growth retardation and 

development of 
hydrocephalus 22

CIS No abnormality reported 16
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domains of JAK molecules with high affinity,
thereby inhibiting phosphorylation of STATs 
in a classical negative feedback loop.3,4 Initial
experiments designed to identify the cytokines
inhibited by SOCS-1 focused on in vitro over-
expression of SOCS-1 and as a result many
cytokines were reported to be regulated by
SOCS-1, including IL-2, IL-3, IL-4, IL-6, M-CSF,
growth hormone, IGF-1, insulin, LIF, and ery-
thropoietin.1 Subsequent experiments, however,
have established that the range of cytokines reg-
ulated by SOCS-1 in vivo is more restricted. Data
from experiments using cell lines transfected with
SOCS-1 may therefore need to be re-interpreted
due to possible artefacts from overexpression.

Mice deficient in SOCS-1 die within the first
2–3 weeks of age from a complex inflammatory
phenotype. Lethality is associated with liver fail-
ure due to leukocyte infiltration, fatty degenera-
tion, and necrosis of hepatocytes. Mice also are
runted, have a marked reduction in lymphoid
cell development and develop inflammatory
infiltrates in a variety of organs, including the
lungs, skeletal muscle, pancreas, and spleen.12,24

This syndrome was found to be dependent on
dysregulated responsiveness to IFN-γ signaling,
since SOCS-1−/− mice crossed onto an IFN-γ−/−

background survived into adulthood without
these features.25 T cells and natural killer (NK) 
T cells were required as sources of IFN-γ for 
the development of the lethal inflammatory 
syndrome, since SOCS-1−/− RAG-2−/− double
knockout mice remained healthy.13 However,
deficiency of SOCS-1 in T cells alone was not 
sufficient to induce spontaneous inflammation,
since mice with a deletion of SOCS-1 specifically
in T cells remained healthy.26 In contrast, mice
with deletions of SOCS-1 in both macrophages
and T cells died between 7 and 30 weeks of age
from splenomegaly and inflammatory infiltrates
in multiple organs.27 Liver necrosis, however,
did not develop in these mice, as SOCS-1 was
expressed normally in hepatocytes, resulting in
normal responsiveness to IFN-γ signaling in
these cells. Spontaneous inflammation in the
absence of SOCS-1 is therefore dependent on
both the production of IFN-γ by T cells and
enhanced responsiveness to IFN-γ signaling by
non-lymphoid cells.

Although SOCS-1−/− IFN-γ−/− mice survive
until adulthood, long-term survival of these
mice is impaired. Ageing SOCS-1−/− IFN-γ −/−

mice develop inflammatory lesions in multiple
organs, including the skin, gut, and lungs, and
polycystic kidneys.28 This indicates that SOCS-1
is also required for regulating signaling of other
cytokines besides IFN-γ, including the cytokines
that signal through the γc receptor, such as IL-2,
IL-4, IL-7, IL-13, and IL-15. SOCS-1−/− IFN-γ −/−

T cells showed enhanced proliferation when
stimulated with IL-2 or IL-4 and prolonged
STAT5 phosphorylation following stimulation
with IL-2.7,29 Since these cytokines are important
in regulating T-cell development and homeosta-
sis, disruption of SOCS-1-mediated cytokine 
signaling results in defective regulation of these
processes.26,30,31 SOCS-1 has also been shown to
regulate IL-12 signaling, since SOCS-1−/− T cells
were hyper-responsive following IL-12 stimula-
tion.32 SOCS-1 has also been shown to regulate
cytokine responses mediated through other
signal transduction pathways besides the JAK/
STAT pathway. These include the p38 mitogen-
activated protein kinase (MAPK) pathway in
response to TNF8 and signal transduction initi-
ated by binding of LPS to Toll-like receptor-4
(TLR4).33,34 The latter occurs via the ability of
SOCS-1 to induce the degradation of the TLR
adaptor protein, Mal.35

SOCS-1 in arthritis

Development of inflammatory arthritis in either
humans or animal models of the disease is a
result of both local synovial inflammation in the
affected joint and T-cell activation in the drain-
ing lymph nodes. These processes require the
involvement of multiple cell types, including
macrophages, T cells, and dendritic cells and
potentially require contributions from numer-
ous cytokines known to be regulated by SOCS-1.
We have used SOCS-1-deficient mice in a model
of acute inflammatory arthritis to investigate the
functions of SOCS-1 in regulating joint inflam-
mation and T-cell activation in vivo.36 This model
is induced by intra-articular injection of methy-
lated bovine serum albumin (mBSA) into the knee
joints of mice, followed by daily subcutaneous
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injections of IL-1 over the next 3 days.37,38

Arthritis develops in the injected knee joint and
joint inflammation peaks on day 7 following the
mBSA injection. This model replicates many fea-
tures of human RA, including a requirement for
joint macrophages, CD4+ T-cell activation, and
the production of inflammatory cytokines
including TNF, GM-CSF, G-CSF, and IL-4. The
model, however, is independent of B cells, CD8 
T cells, and IFN-γ.39,40 Since IFN-γ was not required
for the development of disease, we were able to
investigate the role of SOCS-1 in regulating
inflammatory arthritis, by comparing the devel-
opment of disease in SOCS-1+/+ IFN-γ −/− and
SOCS-1−/− IFN-γ −/− mice.

Induction of acute inflammatory arthritis in
SOCS-1−/− IFN-γ −/− mice resulted in exacerbated
synovial inflammation and increased joint
destruction. This was characterized by an accu-
mulation of activated macrophages and the 
formation of granulomas in the synovium.
Activated macrophages and fibroblasts isolated
from the inflamed synovium expressed a
reporter gene under the control of the SOCS-1
promoter, indicating that SOCS-1 was being
expressed in these cells. Significantly, synovial
neutrophils and monocytes isolated following
the development of arthritis had no reporter
gene expression. This finding demonstrates that
expression of SOCS-1 following induction of
arthritis is not ubiquitous, but occurs in defined
cell populations at distinct stages of activation
and that SOCS-1 regulates differential responses
to individual cytokines by each cell population.
In wild-type mice, SOCS-1 was also localized by
immunostaining to synovial granulomas and to
pannus adjacent to the underlying bone, where
activated macrophages accumulate. Collectively,
these results show that SOCS-1 is a critical medi-
ator of macrophage activation and that prolonged
cytokine signaling in macrophages in the
absence of SOCS-1 results in enhanced joint
inflammation.

In addition to regulating the extent of syn-
ovial inflammation, SOCS-1 is also required to
regulate T-cell activation in the draining lymph
node. Following induction of acute inflamma-
tory arthritis, SOCS-1−/− IFN-γ−/− mice developed
lymphadenopathy in draining lymph nodes.

SOCS-1 reporter gene expression was also
detected in activated, but not naive CD4+ T cells.
SOCS-1-deficient T cells were hyperprolifera-
tive to the immunizing antigen, mBSA, as well
as to the T-cell mitogen, anti-CD3. Increased 
T-cell proliferation was seen in spite of the
reported increase in apoptosis in SOCS-1-
deficient T cells.24

SOCS-3

SOCS-3 is 35% homologous to SOCS-1 at the
amino acid level. Like SOCS-1, SOCS-3 is
induced by a wide range of cytokines, including
IL-1, IL-2, IL-6, LIF, and TLR ligands. Although
SOCS-3 also inhibits the JAK-STAT signaling
pathway, it does this through a different mecha-
nism to SOCS-1. Instead of binding directly to
JAK molecules, SOCS-3 binds to phosphorylated
tyrosine residues on activated cytokine recep-
tors, such as gp130.41 This prevents recruitment
of STATs to the receptor complex, inhibiting the
signal transduction cascade. Although SOCS-3 is
homologous to SOCS-1 and also acts as a nega-
tive regulator of cytokine signaling, generation
of mice lacking SOCS-3 has revealed distinct
activities for SOCS-3, compared with SOCS-1,
and has shown that these two molecules have
non-redundant functions in vivo.

Nonspecific deletion of SOCS-3 results in
mid-gestational embryonic lethality due to
defective placental development.16,17 Embryonic
lethality has been shown to be due to prolonged
LIF signaling, since placental development in
SOCS-3−/− LIF+/− or SOCS-3−/− LIF−/− mice was
normal, with mice born at expected Mendelian
frequencies. Most neonatal mice, however, died
shortly after birth.42 Embryonic lethality has
been overcome by using a conditional gene tar-
geting strategy using cre recombinase and the
loxP system to generate mice lacking SOCS-3 in
defined tissue compartments. This has allowed
the identification of the cytokines which are neg-
atively regulated by SOCS-3 under physiological
conditions in vivo. Mice lacking SOCS-3 in the
liver showed prolonged STAT3 phosphorylation
in hepatocytes following injection of IL-6,
demonstrating that SOCS-3 negatively regulates
IL-6 signaling in vivo.43,44 IL-6 signaling occurs
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through the gp130 receptor, which is also shared
by other cytokines, such as LIF, IL-11, IL-27,
oncostatin M (OSM), ciliary neurotrophic factor
(CNTF), and cardiotrophin (CT)-1, and SOCS-3 is
able to regulate the signaling of these cytokines.
Surprisingly, in addition to inducing IL-6-
responsive genes following stimulation with 
IL-6, deletion of SOCS-3 also resulted in the
induction of IFN-γ-responsive genes, through
prolonged phosphorylation of STAT1.43 The
absence of SOCS-3 therefore results in qualita-
tive as well as quantitative change to the response
to IL-6 signaling, and results in the induction of
anti-inflammatory effects that are not usually
seen following IL-6 stimulation.45 Generation of
mice lacking SOCS-3 in hematopoietic and
endothelial cells resulted in mice spontaneously
developing neutrophilia, splenomegaly, and
infiltration of neutrophils into multiple tissues.
This defect was shown to be due to enhanced
signaling to G-CSF, demonstrating that SOCS-3
is also required for the negative regulation of 
G-CSF signaling in vivo.46

SOCS-3 and arthritis

SOCS3 mRNA expression has been detected 
in synovial tissue taken from RA, but not
osteoarthritis patients and this corresponds 
with increased expression of phosphorylated
STAT3.47 To evaluate the role of SOCS-3 in regu-
lating the extent of synovial inflammation and
joint destruction in animal models of inflamma-
tory arthritis, we have used mice expressing con-
ditional deletions of SOCS-3 in defined tissue
compartments. Mice deficient in SOCS-3 in the
hematopoietic and endothelial cell compart-
ments (SOCS-3−/∆vav) developed severe joint
inflammation and tissue destruction following
the induction of acute inflammatory arthritis.48

Synovial inflammation was characterized by
marked infiltration of neutrophils, accompanied
by increased numbers of neutrophils in the bone
marrow, peripheral blood, and spleen, and ele-
vated levels of G-CSF in the serum. Since the
absence of SOCS-3 results in hyper-responsive-
ness to G-CSF signaling, neutrophilia in mice
lacking SOCS-3 was a result of both elevated
levels of G-CSF produced as a result of exacer-
bated inflammatory arthritis and a heightened

sensitivity to G-CSF signaling. The neutrophilia
seen in SOCS-3−/∆vav mice following induction 
of acute inflammatory arthritis did not develop
in arthritic SOCS-1−/− IFN-γ−/− mice and neu-
trophils isolated from the synovium did not
express a SOCS-1 reporter gene. In contrast, 
synovial granulomas, which were a prominent
feature of inflammatory arthritis in SOCS-1−/−

IFN-γ−/− mice, were absent in SOCS-3−/∆vav mice.
This demonstrates that, although SOCS-1 and
SOCS-3 are both necessary for the regulation of
inflammatory arthritis, these molecules have
non-redundant functions, due to regulation of
different cytokines. This finding has implica-
tions for the use of SOCS proteins as therapeutic
agents, since the effectiveness of SOCS proteins
may depend on targeting expression to the par-
ticular cell populations that will provide the
most clinical benefit.

In addition to severe synovitis, inflammatory
arthritis in SOCS-3−/∆vav mice was characterized
by the generation of increased numbers of osteo-
clasts and enhanced bone destruction. This was
not seen in arthritic SOCS-1−/−IFN-γ−/− mice,
suggesting a specific role for endogenous SOCS-3
in the regulation of osteoclastogenesis. A poten-
tial mechanism for the enhanced osteoclastogen-
esis observed during joint inflammation was
increased T-lymphocyte production of IL-17. 
IL-17 is important in the pathogenesis of bone
destruction during RA by up-regulating
osteoblast expression of receptor activator of
NF-κB ligand (RANKL) relative to levels of the
soluble decoy receptor osteoprotegerin (OPG).
IL-17 also up-regulates G-CSF production by
fibroblasts and endothelial cells, and elevated
levels of G-CSF may promote osteoclast-mediated
bone resorption. SOCS-3 has also recently been
shown to regulate IL-23-mediated STAT3 phos-
phorylation and generation of Th cells that selec-
tively produce IL-17 (Th17 cells).49 Non-arthritic
SOCS-3−/∆vav mice also had increased numbers
of osteoclasts, with a corresponding 50% reduc-
tion in trabecular bone volume compared with
wild-type littermate controls, suggesting that
endogenous SOCS-3 normally inhibits osteoclas-
togenesis both basally and during inflammation.
In contrast to our in vivo findings, however,
overexpression of SOCS-3 in osteoclasts in vitro
was reported to promote osteoclastogenesis,
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possibly via suppression of the inhibitory effects
of IFN-β.50 These findings suggest that the exact
role of SOCS proteins in osteoclastogenesis
remains to be determined.

There was comparatively more bone than car-
tilage destruction during mBSA/IL-1-induced
arthritis in SOCS-3−/∆vav mice. This was not
unexpected, as chondrocytes in SOCS-3−/∆vav

mice expressed SOCS-3 normally, whereas
osteoclasts, which are of hematopoietic lineage
origin, lacked SOCS-3 following Cre-mediated
deletion. Recent work has suggested that arti-
cular chondrocytes express SOCS-3 during
inflammatory arthritis and that IL-1-induced
expression of SOCS-3 may regulate IGF-1 – the
major anabolic factor for cartilage homeostasis.51

However, a more direct approach to examine 
the role of endogenous SOCS-3 in regulating 
cartilage differentiation and homeostasis will 
be to examine mice which have undergone 
chondrocyte-specific deletion of SOCS-3.

In addition to increased joint inflammation,
the absence of SOCS-3 in T cells also contributed
to exacerbated disease in SOCS-3−/∆vav mice.
Draining lymph node T cells from arthritic
SOCS-3−/∆vav mice had a marked increase in 
proliferation and IL-17 production following
antigen-specific stimulation, and purified CD4+

T cells from naive mice were hyperproliferative
to anti-CD3 stimulation in vitro.48 SOCS-3 has
been implicated in the regulation of T-cell acti-
vation by binding to calcineurin and inhibiting
activation of the transcription factor NF-AT.52

SOCS-3 has also been reported to bind CD28 and
inhibit the phosphorylation of PI3-K.53 While
SOCS-3 was expressed in naive T cells, expres-
sion was down-regulated after T-cell activation,
allowing cell cycle progression.54 In contrast,
SOCS-1 was not expressed in naive T cells, but
was up-regulated following activation.

THERAPEUTIC POTENTIAL OF SOCS PROTEINS
FOR THE TREATMENT OF RA

Although SOCS-1 and SOCS-3 were originally
thought to inhibit a wide variety of inflamma-
tory cytokines, based on in vitro experiments,
subsequent work using SOCS-deficient mice has
shown more specific effects. Nevertheless,
SOCS-1 and SOCS-3 are attractive candidates for

the development of novel therapeutic agents for
the treatment of RA and other inflammatory
conditions, since the cytokines regulated in vivo
are important mediators of disease (Figure 24.2).
The absence of SOCS-1 or SOCS-3 also results in
marked exacerbation of joint inflammation in
mouse models of RA, making a strong argument
for the manipulation of SOCS proteins as a ther-
apeutic strategy. Some issues, however, remain
to be resolved. While mice lacking SOCS-1 or
SOCS-3 develop exacerbated arthritis, would
elevated levels of SOCS-1 or SOCS-3 in cells
already expressing these proteins reduce disease?
Second, since SOCS molecules are intracellular
proteins, how might delivery into relevant cells
within the joint be achieved?

Local delivery of SOCS-3 has been reported to
be therapeutic in mouse models of inflammatory
arthritis. Peri-articular injection of recombinant
adenovirus expressing SOCS-3 was found to
inhibit collagen-induced arthritis (CIA) in mice,47

providing proof-of-principle evidence for locally
elevated levels of SOCS proteins to treat inflam-
matory disease. Development and progression
of CIA was inhibited for up to 50 days after
injection of adenoviruses expressing SOCS-3. 
Of even greater clinical relevance, SOCS-3-
expressing adenovirus was able to inhibit pro-
gression of established joint inflammation. In vitro,
SOCS-3-expressing adenovirus inhibited prolif-
eration and IL-6 production by synovial fibrob-
lasts, providing a potential mechanism of action
for the recombinant adenoviruses. Interestingly,
SOCS-3-expressing adenovirus was more effective
at preventing disease progression than viruses
expressing a dominant negative STAT3. This
suggests that SOCS-3 was not only suppressing
gp130 and G-CSFR signaling (which both utilize
STAT3), but was inhibiting additional signaling
pathways. Furthermore, since adenoviruses are
not able to efficiently infect myeloid cells, the
therapeutic effect of SOCS-3-expressing aden-
oviruses would not have occurred via inhibition
of neutrophil activity. The beneficial effects of
SOCS-3 in this system were therefore most likely
due to overexpression of SOCS-3 in synovial
fibroblasts.

Although recombinant viruses are effective vec-
tors for the delivery of SOCS proteins in animal
models, there are numerous problems that would
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need to be overcome before these agents could be
used in clinical practice. These include potential
issues with biosafety, stability of the vectors, and
the generation of immune responses against the
vectors. For this reason, alternative delivery
strategies are needed. One promising approach
is the generation of SOCS molecules that pene-
trate the cell membrane to access the intracellu-
lar compartment.55 SOCS-3 was engineered to
express a membrane-translocating motif, derived
from the hydrophobic signal sequence of fibrob-
last growth factor 4. This resulted in a form of
SOCS-3 that could be delivered into cells, while
still retaining bioactivity. Remarkably, injection

of cell-permeable SOCS3 could protect mice
against the lethal effects of systemic inflammation
induced by LPS or staphylococcal enterotoxin B,
by reducing the production of inflammatory
cytokines. Cell-permeable forms of SOCS pro-
teins injected directly into arthritic joints could
attenuate joint inflammation and represent a
more effective delivery strategy than recombi-
nant viruses. Another therapeutic approach 
that has been successfully used in a model of
experimental allergic encephalomyelitis (EAE)
was to use mimetic SOCS-1 peptides that 
could inhibit the kinase activity of JAK-2.56

Administration of a lipopeptide based on the
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Figure 24.2 SOCS proteins act at multiple levels to regulate the severity of inflammatory arthritis. SOCS-1 is an important nega-

tive regulator of macrophage activation in the synovium. SOCS-3 regulates neutrophil production in the bone marrow, migration,

and activation in the synovium. SOCS-3 also regulates the generation of osteoclasts and subsequent bone degradation following

initiation of arthritis. Both SOCS-1 and SOCS-3 regulate the extent of T-cell activation in the draining lymph nodes.
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SOCS-1 sequence was able to inhibit the devel-
opment of EAE in mice and induce remission 
in mice with established disease. In addition to
targeting cells at the site of inflammation, these
strategies would also have the advantage of
uptake by cells within the draining lymph
nodes, which could inhibit the ongoing T-cell
response to joint antigens, thereby further
improving the efficacy of treatment.

Another possible therapeutic strategy is the
use of drugs that up-regulate in vivo production
of endogenous SOCS proteins. While there are
currently few data on manipulation of SOCS
expression, agonists of peroxisomal proliferator
activated gamma nuclear receptor (PPAR-γ)
have been shown to induce the expression of
SOCS-1 and SOCS-3 mRNA in vitro.57 Treatment
of astrocytes and glial cells with a combination
of rosiglitazone, an anti-diabetic agent, and 
15-deoxy-∆-12,14-prostaglandin J2, which together
are potent agonists of PPAR-γ, resulted in the
induction of SOCS-1 and SOCS-3 mRNA and
reduced phosphorylation of STAT1 and STAT3.57

While the effect of drugs routinely used in the
treatment of RA such as corticosteroids,
methotrexate, or salazopyrine on SOCS expres-
sion is unclear, it is intriguing to speculate
whether at least some of their therapeutic effect
may be due to up-regulation of endogenous
SOCS protein expression.

However, while manipulation of SOCS pro-
teins may be a viable therapeutic goal for the
treatment of a range of inflammatory conditions,
a cautionary note is required. SOCS proteins reg-
ulate multiple signaling pathways and increased
expression of SOCS proteins could result in 
significant side effects. While temporary overex-
pression of SOCS-3 had a beneficial effect 
on inflammatory arthritis,47 prolonged overex-
pression of SOCS-3 in transgenic mice increased
Th2 responses, including features of asthma in
an airway hypersensitivity model.58 These find-
ings suggest that in vivo manipulation of SOCS
proteins needs to be undertaken with great care
and a firm understanding of SOCS biology.
However, based on their ability to inhibit
responses to numerous cytokines, SOCS-1 and
SOCS-3 are attractive candidates for therapeutic
intervention in RA and other chronic inflamma-
tory diseases.
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WNT SIGNALING PATHWAYS

Canonical Wnt signaling

The Wnt and Frizzled (Fz) gene families of sig-
naling molecules were first discovered and char-
acterized in Drosophila. Studies in the past
several years have revealed the involvement of
Wnt signaling in a number of different mam-
malian systems, influencing the developmental
potential of a diverse pool of cells in these organ-
isms.1,2 Specifically, Wnt signaling has been shown
to be a key regulator in stem cell renewal and
differentiation.3,4 For example, targeted disrup-
tion of Wnt signaling by loss of function muta-
tion(s) or overexpression of components of the
pathway are linked to dramatic phenotypes, as
we have recently shown in mesenchymal stem
cells (MSCs).5,6

Over 19 members of the Wnt family have
been identified in mammals and, depending on
the specific Wnt, signaling may proceed via
canonical and/or non-canonical Wnt pathways7,8

(Figure 25.1). Canonical Wnt signaling involves
the binding of a Wnt ligand to a Fz receptor, and
to the Wnt co-receptor, low-density lipoprotein-
related protein 5 (LRP5) (Figure 25.1A). The
binding of these components activates the cyto-
plasmic protein Disheveled (Dvl), leading to an
inhibition of phosphorylation of β-catenin by
glycogen synthase kinase-3β (GSK-β). β-Catenin

is stabilized and subsequently translocates to the
nucleus, where it binds with members of the 
T-cell factor (TCF) and lymphoid enhancer factor
(LEF) transcription factor families, resulting in
the enhanced expression of target genes, such as
c-myc and cyclin D1.9 In the absence of a Wnt
ligand, β-catenin is phosphorylated by GSK-3β,
in association with axin and adenomatous poly-
posis coli (APC), thus targeting β-catenin for
ubiquitinylation and subsequent degradation by
proteasomes.1

Non-canonical Wnt signaling

Early studies focusing on non-canonical Wnt
signaling in Drosophila showed that Wnts, acting
independently of β-catenin, were necessary to
establish planar cell polarity (PCP), which is crit-
ical to embryonic axis development and conver-
gent extension.10–12 Vertebrates utilize a parallel
pathway to that found in Drosophila, known as
the Wnt/JNK (c-Jun N-terminal kinase) pathway
that also regulates proper cell orientation and
movements during gastrulation. In the PCP or
Wnt/JNK pathway, signaling occurs via Dvl and
progresses through activation of small GTPases,
such as rac and rho, to JNK (Figure 25.1B). An
additional non-canonical Wnt pathway is the
Wnt/Ca2+ (calcium) pathway, in which intra-
cellular Ca2+ is released, likely in a G protein-
dependent manner, leading to the activation of

9781841844848-Ch25  8/9/07  3:26 PM  Page 317



the Ca2+-sensitive enzymes protein kinase C
(PKC), Ca2+-calmodulin-dependent kinase II
(CAMKII), and calcineurin (CaCN).13,14 The non-
canonical Wnts, Wnt-4, -5A, and -11 activate the
Wnt/Ca2+ pathway.12 Non-canonical Wnt signal-
ing also is initiated following the binding of 
a Wnt ligand to a Fz receptor, and recent evi-
dence implicates the receptor orphan tyrosine
kinase receptor (R or Z) as a potential co-recep-
tor in this pathway.15

Activation of either the canonical or non-
canonical Wnt pathway is dependent on the 
specific Wnt/Fz receptor combination, as well as
the involvement of soluble Wnt mediators. Wnt
inhibitory factor, secreted Fz-related proteins

(sFRPs), and dickkopfs (DKKs) are among the
proteins that modulate Wnt signaling.16 sFRPs
share the CRD, or Wnt binding site of the Fzs,
but lack the membrane-spanning segment, and
thus have the capacity to act as potent Wnt
inhibitors by blocking Wnt/Fz interaction. It is
speculated that sFRPs may also serve a protective
role by binding to Wnts and preventing their
degradation. DKKs inhibit canonical Wnt signal-
ing by binding to the LRP co-receptor.17

There is considerable interest in investigating
the cross-talk between the canonical and non-
canonical Wnt signaling pathways. In general,
the pathways appear to antagonize one another,
although certain Wnts are involved in both
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Figure 25.1 Canonical and non-canonical Wnt signaling pathways. (A) Canonical Wnt signaling is initiated following binding of

Wnt to a specific Fz receptor and the Wnt co-receptor, LRP5/6. Receptor binding activates Dvl, leading to stabilization and sub-

sequent translocation to the nucleus, and signaling proceeds following binding to TCF/LEF families of transcription factor mem-

bers. (B) In vertebrates, non-canonical Wnt signaling occurs through the Wnt/Ca2+ or the Wnt/JNK pathway. In the Wnt/Ca2+

pathways, receptor binding is followed by an increase in intracellular Ca2+, which leads to the activation of Ca2+-sensitive

enzymes and subsequent cellular response. In the Wnt/JNK pathway, signaling occurs via Dvl, and progresses through activation

of small GTPases to JNK.
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canonical and non-canonical signaling. A delicate
balance of Wnts, and their receptors and media-
tors, is most likely responsible for controlling
various cellular events, such as proliferation, cell
fate decision, and differentiation, in which Wnts
have been implicated in healthy and diseased
states.

DEGENERATIVE JOINT DISEASES

Two of the most prevalent degenerative joint
diseases in humans are rheumatoid arthritis
(RA) and osteoarthritis (OA); affecting approxi-
mately 30 million people who are over 35 years
of age.18 Both diseases affect primarily the
diarthrodial joints, and although the etiologies
are significantly different, the end result consists
of loss of joint mobility due to articular cartilage
damage and pathogenic changes in the underly-
ing bone.17,18 RA and OA both affect the entire
joint, including the cartilage, synovium, and
bone. Although the two diseases progress differ-
ently with regard to the primary cell type
involved, there is shared release of mediators
implicated in joint destruction. Proinflammatory
cytokines, including tumor necrosis factor
(TNF)-α and interleukin (IL)-1β, along with matrix
metalloproteinases (MMPs), are up-regulated in
both RA and OA, and play major roles in tissue
damage. Recent studies have implicated the Wnt
proteins in the etiology of RA and OA. This is
not surprising, as Wnts are critical to formation
of the skeleton during embryonic development
and are implicated in the regulation of adult
bone homeostasis. It is interesting to speculate
that aberrant Wnt and cytokine signaling may
act synergistically in the compromised joint to
potentiate disease progression. To date, the
treatments for RA and OA are limited, and the
development of suitable targeted therapies is
greatly needed.

Rheumatoid arthritis

RA is considered to be a systemic inflammatory
disease that affects 0.5–1% of the US population.19

The disease is characterized by pathological
changes in the synovium, which include inflam-
mation of blood vessels in the joint cavity, fol-
lowed by edema, and infiltration of inflammatory

cells (e.g. macrophages, dendritic cells) into the
synovium, where they coordinate antigen pres-
entation and the induction of immune responses,
leading to hyperplasia of the synovial lining and
development of the pannus. In this cascade of
disease onset, RA synovial cells, otherwise called
fibroblast-like synoviocytes (FLSs), have been
shown to play a central role in the progression of
the disease through their uncontrolled prolifera-
tion, promotion of angiogenesis, and degradation
of the cartilage extracellular matrix (ECM) macro-
molecules (e.g. collagen type II). The definitive
cause of RA is not known, but it is likely that the
anatomical and physiological features of diarthro-
dial joints render them targets of RA.

Role of fibroblast-like synoviocytes in RA

A great deal of knowledge has been gained with
respect to the mediators of RA pathogenesis;
however, the molecular mechanisms regulating
and promoting sustained synovial hyperplasia
and inflammation in RA have not been clearly
elucidated. Much attention has been placed on
FLSs in this regard, as these cells have been
shown to be prevalent in the diseased area.20

During disease onset and progression, the FLS
population undergoes a proliferative phase and
produces abnormal amounts of cytokines and
chemokines such as IL-1β, IL-8, IL-15, and stro-
mal-derived factor-1 (SDF-1), which can pro-
mote infiltration and activation of lymphocytes
in the synovium, causing undesirable immune
responses. Additionally, RA FLSs synthesize
ECM proteins, including fibronectin and vascular
endothelial molecules, such as VCAM-1, which
can also facilitate lymphocyte recruitment and
retention. RA FLSs also produce MMP enzyme
precursors, such as pro-MMP3, that when acti-
vated may contribute to cartilage destruction by
degrading ECM components, including collagens,
gelatins, fibronectin, laminin, and proteoglycans.21

Osteoarthritis

OA, the most common form of arthritis, annu-
ally affects millions of people worldwide,22 and
is the leading cause of loss of mobility in the eld-
erly.23 OA is characterized by articular cartilage
damage, loss of joint space, joint pain and stiffness,
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bony remodeling, and episodic local synovial
inflammation.18,23 One distinguishing feature that
separates OA from other arthropathies is the
presence of osteophytes in the joint. Osteophytes
are indicative of new cartilage and bone devel-
opment, and arise from either perichondrial pro-
genitor cells or cells at the interface between the
cartilage and the synovium.24 This is of interest
from a therapeutic perspective, as it supports the
potential use of progenitor cells as a means to
repair the damaged cartilage in OA. The risk fac-
tors for OA include age, obesity, and previous
joint injury or surgery. In those affected,
mechanical factors that may contribute to dis-
ease progression include misalignment, muscle
weakness, or altered structural integrity of the
joint.23,25 There is no cure for OA and, in the latter
stages, total joint replacement remains the treat-
ment of choice for this widespread degenerative
joint disease.

Role of chondrocytes in OA

Articular cartilage is the load-bearing tissue of
the diarthrodial joints. It is composed of chon-
drocytes, which are responsible for the produc-
tion of the ECM components essential for tissue
integrity. While aberrant biochemical forces
acting on the joint are the most common initiating
factor in OA, the subsequent cellular response is
what leads to the cartilage degradation that
ensues. During OA, there is an imbalance
between synthesis and degradation of matrix
components by the chondrocytes. Cartilage
degradation in OA is characterized by a two-
phase response of the chondrocytes: a biosyn-
thetic phase in which the chondrocytes secrete
macromolecules in an effort to repair the tissue,
and a degradative phase, where repair attempts
fail and catabolic cytokines contribute to further
matrix degradation and cartilage damage.24 In
OA, IL-1, TNF-α, IL-17, and IL-18 are produced
by the chondrocytes and the synovium, result-
ing in increased MMP production and decreased
synthesis of ECM components and MMP
inhibitors. This in turn leads to the expression of
other catabolic mediators such as proteases,
chemokines, nitric oxide (NO), and prostaglandins
that may contribute to further matrix degrada-
tion and apoptosis.24,26

WNT SIGNALING IN RA AND OA

Since Wnt proteins play a critical role in regulat-
ing chondrogenesis and limb development,27,28 it
is speculated that they may be involved in the
pathogenesis of RA and OA. During tissue
remodeling in the compromised joint, certain
aspects of cartilage development are recapitu-
lated, such as cell proliferation and synthesis of
ECM components.29 While the exact role(s) of
Wnt signaling in the maintenance and destruc-
tion of cartilage observed in RA and OA remains
largely unknown, recent studies have focused
on mapping the expression pattern for the
assignment of involvement of Wnts and their
signaling components in pathogenesis.

In a study by Sen et al.,30 Wnt1, Wnt5a,
Wnt10b, Wnt11, Wnt13, and Fz2, Fz5, and Fz7
were found to be expressed in the synovial tissue
harvested from OA patients. Similar expression
levels were found in the synovium from RA
patients, with the exception that Wnt5a and Fz5
were expressed in much higher levels in the RA
synovium.30 Another comprehensive analysis of
Wnts in RA and OA tissues was also recently
conducted by Nakamura et al.18 Among the
Wnts detected, Wnt7b mRNA and protein levels
were up-regulated in the articular cartilage,
bone, and synovium of RA and OA samples, and
in the osteophytes of the OA tissue, compared
with normal tissues. Wnt10b mRNA levels were
also increased in RA and OA tissues.18 Imai et al.31

made a similar observation, noting that Wnt10b
was most frequently expressed in RA synovium.
Activation of the canonical pathway was suspec-
ted, as β-catenin levels were increased in Wnt10b-
positive synovial fibroblasts. Furthermore,
membrane-type MMP-1 (MT-MMP1), a cartilage
degradation enzyme, was also expressed in
these cells, as well as the pannus, and shown 
to be up-regulated in response to exogenous
expression of Wnt10b.31 In hMSCs, Wnt3a was
shown to act through β-catenin to induce increases
in MT-MMP1 expression.32 Wnt 10b levels in
synovial fibroblasts directly correlated with
inflammatory cell infiltration, suggesting a pos-
sible role in the inflammatory events of RA.31

Recent studies have focused on the genetic
basis of susceptibility to OA, and an association
to the Fz-related protein gene, FRZB, has been
identified.33–35 The FRZB gene encodes for
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sFRP3, a known Wnt signaling antagonist, and
functional FRZB variants have been identified
that result from single nucleotide polymor-
phisms at highly conserved arginine residues
and exhibit diminished capacity to effectively
antagonize Wnt signaling.34 sFRP3 is expressed
in adult articular chondrocytes and appears to
be involved in chondrocyte maturation,36 and
reduced sFRP3 activity may contribute to carti-
lage degradation in OA. sFRP1, sFRP3, and
sFRP4 were shown to be expressed in both RA
and OA tissues by Ijiri et al.,37 but their expres-
sion levels were not significantly different from
one another. In contrast, Imai et al.31 reported
elevated expression of sFRP1, sFRP3, and sFRP4
in OA versus RA synovium. Nakamura et al.18

also reported a down-regulation of sFRP3 in OA
synovium and cartilage, and in RA cartilage.
sFRP-4 has been shown by James et al.38 to be
expressed at higher levels in OA cartilage com-
pared with normal cartilage, and positive
TUNEL staining in the same tissue sections 
suggested a potential role in apoptosis.

Although the results concerning expression of
Wnts and their mediators in arthritic tissues in
the studies described above are not in full agree-
ment, a role for Wnt signaling components in
disease progression is clearly indicated. The het-
erogeneity of the diseases and tissue types ana-
lyzed may explain the conflicting results, and it
is likely that Wnt pathway activation is depend-
ent on the stage of tissue degradation and dis-
ease progression.

Wnt pathway cross-talk in RA and OA

Given the central role that the inflammatory
cytokines and growth factors play in joint devel-
opment and the progression of RA and OA,
many studies have focused on identifying how
Wnt signaling may intersect with other signaling
pathways implicated in joint destruction.

Wnts and cytokines, growth factors,
and chemokines

Under normal conditions, chondrocytes express
low levels of β-catenin.39 However, β-catenin levels
have been shown to be increased in OA and RA
cartilage, and to contribute to the IL-1β-induced

increase in cyclooxygenase-2 expression in chon-
drocytes.40 Hwang et al.41 showed that IL-1β
induces the expression of Wnt5a and Wnt7a in
cultured articular chondrocytes, concomitant
with an increase in Wnt/β-catenin signaling. In
particular, these studies showed that Wnt7a
induced the dedifferentiation of chondrocytes
by stimulation of β-catenin transcriptional activ-
ity, as observed by the inhibition of collagen
type II expression. Transcriptional activity sup-
pression using dominant-negative (dn) TCF-4
abolished this Wnt7a-induced dedifferentiation
effect.42 These results corroborate with those of
Tufan et al.,43,44 who showed that Wnt7a inhibits
chondrogenesis both in vivo and in vitro via the
sustained expression of N-cadherin and β-catenin
induced by Wnt7a. Recent findings also suggest
that the stimulation of β-catenin signaling accel-
erates the expression of collagen type X in chon-
drocytes, a marker of chondrocyte hypertrophy
that is often associated with a related decrease in
collagen type II expression.42,45

In RA tissues with increased levels of Wnt7b
or in normal synovial cells transfected with
Wnt7b, levels of TNF-α, IL-1β, and IL-6 were sig-
nificantly increased, suggesting that Wnt7b may
be involved in the pathogenesis of RA.18 TNF-α
has been shown to be up-regulated by Wnt10b in
gastric carcinoma cells, and Wnts have been
shown to stimulate IL-8 expression in human
hepatocytes.46 Results from a recent study pro-
vide evidence for the activation of the non-
canonical Wnt signaling pathway by IL-1β. IL-1β
treatment of articular chondrocytes resulted in
the up-regulation of Wnt5a and down-regulation
of Wnt11 expression. Chondrocytes treated with
Wnt5a- and Wnt11-conditioned medium were
also shown to have decreased and increased col-
lagen type II expression, respectively. This obser-
vation of opposing Wnts effects is of interest,
given the fact that both Wnt5a and Wnt11 are
classified as non-canonical Wnts.

Interactions of transforming growth factor
(TGF)-β, bone morphogenetic protein (BMP),
fibroblast growth factor (FGF), and Wnt signal-
ing pathways have been shown to be crucial in
vertebrate limb development. The induction of
DKK-1, a known Wnt antagonist, by BMP 
and FGF during limb development has been
reported and may be mediated by Wnt ligands.47
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TGF-β and Wnts share similar patterns of
expression during various developmental events,
and Wnt5a has been shown to mediate the chon-
dro-stimulatory effects of TGF-β3.48 In limb-bud
mesenchyme and a chondrogenic cell line,
canonical Wnt signaling was shown to inhibit
chondrogenesis by interfering with BMP-2-
induced expression of collagen type II and aggre-
can through Twist1, a canonical transcription
repressor.49 In contrast, the overexpression of
Wnt3a, a canonical Wnt, in C3H10T1/2 cells
enhanced BMP-2-regulated chondrogenesis.50

BMPs and TGF-β activation of canonical Wnt
signaling also has been reported, with BMP-2
inducing Wnt1 and Wnt3a expression in
C3H10T1/2 cells51 and increasing Lef1 mRNA
expression in C2C12 cells.52 Smad 4 has been
shown to interact indirectly with β-catenin,50

and Smad 3 and Smad 4 directly with LEF1/TCF
proteins in the nucleus to regulate gene expres-
sion.53,54 TGF-β and Wnts can act together to
enhance LEF1 transcriptional activity,55 and have
also been shown to have a synergistic effect on
hMSC chondrogenic differentiation.50,56,57

During OA, significant levels of IGF-1, TGF-β,
and BMPs are expressed in the joint, and likely
act simultaneously with cytokines during
attempts at cartilage remodeling and degrada-
tion. In articular chondrocytes, IL-1β and IL-6
have been shown to differentially regulate TGF-
β synthesis.58 TGF-β1 has been shown to inhibit
IL-1β-induced cartilage degradation,59 and both
IGF-1 and osteogenic protein-1, a BMP family
member, suppress IL-1β-induced MMP expres-
sion.60 The present knowledge of the intimate
relationship between Wnts and cytokines cou-
pled with cytokine/growth factor interactions
supports evidence for cross-talk among the
Wnt, cytokine, and growth factor families of sig-
naling proteins.

Wnts have been shown to stimulate the release
of chemokines through β-catenin.46 Chemokines
closely resemble cytokines, and their role in the
pathogenesis of RA and OA is under active
investigation. Chemokines are highly expressed
in RA, are produced by chondrocytes, and can
stimulate the release of MMPs, leading to matrix
degradation.26,61 A recent study comparing FLSs
derived from patients with OA and RA showed
that the cells had nearly the same expression

pattern for cytokines/chemokines and their
receptors.62 In RA, chemokines are associated
with infiltration of immune cells into the joint,
whereas in OA, chemokines may alter chondro-
cyte metabolism.61 RA patients treated with a
chemokine blocker have shown improvement
over a 2-week period. The potential therapeutic
application of blocking chemokine interaction
with their receptors is currently under investiga-
tion. Chemokine machinery is present in normal
and OA chondrocytes, but its involvement in OA
is not well understood. Given that chemokines
stimulate the release of MMPs, consistent with a
role in joint tissue degradation under pathologi-
cal conditions, the potential application of
chemokine blockade is intriguing.26,61

These studies provide further evidence that
the nature and regulation of cellular responses
in joint tissues are dependent on the repertoire
and levels of growth factors, Wnts, cyto/
chemokines, and receptors expressed at a given
time in the tissue. These findings support the
notion that in the diseased joint, active tissue
remodeling results from cellular responses
mediated via several signaling pathways.
Specifically, aberrant Wnt signaling may act to
alter chondrocyte differentiation status, leading
to matrix degradation and the onset of arthritis.
Thus, modulation of Wnt signaling in response
to cytokines, chemokines, and growth factors
may lead to pathological changes in cartilage,
representing potential cross-talk between the
classical mediators of RA and OA and Wnt sig-
naling (Figure 25.2).

Wnts and activation of downstream 
signaling pathways

Mitogen-activated protein kinase (MAPK),
nuclear factor kappa B (NF-κB), and activating
protein 1 (AP-1) are key intracellular signaling
pathways that have been shown to be involved
in cellular responses during development, normal
tissue homeostasis, or tissue remodeling in the
diseased state. Understanding which down-
stream targets are activated by Wnts and other
signaling molecules is crucial to identifying
points of pathway cross-talk. In human articular
chondrocytes, JNK and p38 kinase pathways 
are activated in response to IL-1β and TNF-α.63
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IL-1β- and TNF-α-induced MMP expression is
regulated by JNK64–66 and p38 kinase activity,66,67

and regulation of MMP gene expression through
PKC has also been reported.68

TGF-β activation of the MAPK signaling cas-
cade promotes cartilage-specific gene expres-
sion. TGF-β-mediated MAPK signaling was
shown to control Wnt7a gene expression and
canonical Wnt signaling that is thought to regu-
late N-cadherin expression and cell adhesion
during chondrogenesis of adult MSCs.57 Wnt5a
was found to mediate, through PKC-α and p38
MAPK activation, the chondrogenic effects of
TGF-β3 on embryonic chick limb mesenchymal
cells.48 Hwang et al.69 reported that Wnt3a
induces chondrocyte dedifferentiation of MSCs
through the β-catenin pathway and activation of

the AP-1 pathway. The dedifferentiation effect
was a result of suppression of Sox-9, a major
transcriptional regulator of collagen type II
expression. In articular chondrocytes, IL-1β
induced up- and down-regulation of Wnt 5a and
Wnt11, respectively, and decreased and increased
synthesis of ECM molecules. Furthermore, dif-
ferent signaling pathways were activated – Wnt5a
activated JNK and Wnt 11 activated PKC – sug-
gesting cartilage degradative and protective
roles, respectively, for these non-canonical
Wnts.70

NF-kB signaling has been shown to regulate
chondrocyte apoptosis, a key event in cartilage
degradation.71 The activation of the NF-κB path-
way is one of the key signaling pathways impli-
cated in rheumatic diseases. Several reports have
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Figure 25.2 Potential interactions between Wnt and cytokine pathways in the pathogenesis of RA and OA. (A) During the 

progression of RA and OA, there is an up-regulation of inflammatory cytokines and select Wnt signaling molecules that leads to

activation of downstream signaling pathways. (B) Aberrant signaling in either case may lead to cartilage destruction, resulting

in loss of joint mobility and pathogenic changes to the bone. (C) In both RA and OA, there is shared release of IL-1β and TNF-α
and MMPs, which may ultimately (D) lead to ECM degradation and cartilage damage. (E) OA chondrocytes and RA FLSs exhibit

(F) increased levels of Wnt7b, Wnt10b, and β-catenin, which may lead to proinflammatory cytokine and MMP release. (G) IL-1β
has been shown to induce Wnt5a and Wnt7a expression in articular chondrocytes, concomitant with an increase in β-catenin

signaling which may (H) lead to chondrocyte dedifferentiation.
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indicated that the activation of the transcrip-
tional activator NF-κB in FLSs is a major inducer
of proinflammatory cytokines, such as IL-1β and
TNF-α24,72 (Figure 25.2). However, the precise
molecular mechanisms involving NF-κB activa-
tion leading to the activated phenotype of FLS in
the rheumatoid joint has not been defined
clearly. It has been reported recently that ele-
vated signaling mediated by Wnt-Fz homologs
in adult tissues is associated with various forms
of proliferative disorders.2 It is therefore plausi-
ble that activation of kinases, transcription fac-
tors, and cell growth/differentiation factors via
the Wnt signaling pathway may direct changes
in cell behavior in RA and OA pathogenesis. The
concept is supported in part by the observations
that several Wnt proteins and Fz receptors are
highly expressed in synovial tissue of arthritic
cartilage,30 and the fact that Wnt inducible
secreted protein 2 (WISP2) mRNA is detected at
higher levels in RA synovium than in normal
tissue.73 It has been shown that Wnt5a signals
through the PKC signaling pathway, and that
the activation of PKC leads to NF-kB activation,
resulting in the up-regulation of IL-6, IL-8, and
IL-15.30 In RA FLSs, overexpression of Wnt5a
results in elevated IL-6, IL-8, and IL-15 secretion,
suggesting that Wnt5a cross-talks with the 
NF-κB pathway via PKC, leading to secretion of
proinflammatory cytokines.

Other mediators may also contribute to this
cross-talk. That Wnt5a and Fz5 likely function as
a ligand–receptor pair74 and the fact that RA
FLSs expressed high levels of Fz5 suggest that
Wnt5a–Fz5 coupling activates RA FLSs, resulting
in the secretion of proinflammatory cytokines.75

In support, inhibition of the Wnt5a and Fz5 sig-
nificantly decreased IL-6 and IL-15 expression
in RA FLSs.75 Sen et al.76 showed that transfec-
tion of normal FLSs with Wnt1, a canonical Wnt,
significantly up-regulated β-catenin-TCF/LEF
activity, which led to the expression of pro-
MMP-3. MMPs in their mature form enhance
cartilage degradation by promoting the inva-
sion of FLSs into cartilage.77 Interestingly, trans-
fection of RA FLSs with dnTCF-4 and sFRP-1 to
antagonize canonical Wnt signaling down-regu-
lated proMMP3. Therefore, constitutive Wnt
signaling in FLSs may play a central role in the
pathogenesis of RA.

CURRENT TREATMENTS FOR RA AND OA

Classically, RA and OA have been defined as
inflammatory and degenerative joint diseases,
respectively, and due to the nature of the differ-
ences in disease progression, treatment modalities
for each have not significantly overlapped.
Elucidation of the inflammatory events involved
in RA has led to the development of several ther-
apeutic treatments for RA – most of which target
a single proinflammatory cytokine to slow 
disease progression, such as TNF-α or IL1-β – 
in particular anti-TNF-α agents and IL1-β re-
ceptor antagonists.78,79 In addition, chemokine/
chemokine receptor blocking agents are under
clinical investigation for the treatment of RA.

For OA patients, non-pharmacological and
pharmacological treatments are available for
disease management, and focus primarily on
treating the symptoms of OA. Current surgical
procedures are aimed at lessening pain and
restoring joint function, and total joint replace-
ment remains the final treatment choice. There
are no approved disease-modifying OA drugs
that would concentrate on reversing cartilage
destruction and promoting tissue regrowth.
Although the initiating step in OA is often a bio-
chemical agent or physical impact on the joint,
the progression of the disease is regulated by the
response of the chondrocyte – an up-regulation
of proinflammatory cytokines that ultimately
leads to cartilage destruction. Thus, even though
RA progression is primarily through the FLSs,
since RA and OA share common inflammatory
mediators that lead to joint destruction, the use
of therapies that share overlapping characteris-
tics is feasible. Studies are underway to identify
potential therapeutic targets for biological ther-
apy for OA79 that are similar to treatment strate-
gies used for RA. Although cytokines and
chemokines have been targeted, no specific ther-
apy for the management of OA is accepted to
date. Unfortunately, even with the treatments
available for RA today, only 40% of patients
respond to current therapies,31 with the majority
still exhibiting symptoms of RA. Thus, it appears
that targeting a single cytokine may not be suffi-
cient to effectively treat RA or OA, and that 
the development of new therapies is critical to
the restoration of joint function and quality of
life for those afflicted.
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Wnt signaling pathway as a target 
for the development of therapeutic 
agents for RA and OA

Even with the therapeutic options targeting
cytokines that have become available for the
treatment of RA and are in the early trial stages
for OA, there are currently no approved drugs
that specifically target the cell types involved,
i.e. chondrocytes and FLSs. From the evidence
presented herein, showing enhanced Wnt activ-
ity in FLSs and chondrocytes during disease pro-
gression, strategic therapies targeting the Wnt
signaling pathway may be an attractive alterna-
tive or adjunct to cytokine therapy.

Wnt binding to its cell surface receptor acti-
vates intracellular signaling cascades that may
directly or indirectly result in one of a number of
cellular responses, including cytokine/chemokine
secretion, expression of MMPs, synthesis of
matrix molecules, and regulation of growth factor
responses. Thus, therapeutic intervention of
joint destruction during RA and OA may be
introduced at one or multiple steps in the Wnt
signaling cascade.

Extracellular therapeutics may involve the
systemic or intra-articular administration of sol-
uble small molecules, including Wnt signaling
antagonists such as sFRPs, receptor antagonists,
or neutralizing antibodies may be used to inhibit
Wnt binding to its Fz receptor. This would
thereby prevent initiation of the Wnt signaling
cascade and activation of the downstream sig-
naling cascades that result in the expression of
mediators of inflammation and cartilage degra-
dation. Intracellular therapeutics may target the
inhibition of Wnts and their receptors directly
through the use of antisense oligonucleotides or
siRNAs, or indirectly by interference of specific
intermediates of Wnt signaling, such as β-catenin,
and TCF/LEF transcription factors. Gene ther-
apy using dominant-negative constructs, such as
dnTCF, dnLEF, and dnβ-catenin, would
block/suppress canonical signaling, and may
also be employed to control disease progression
(Figure 25.3).

Experimental results reported by Sen et al.75,76

support the potential of these approaches.
Overexpression of sFRP-1 or dnTCF-4 was shown
to down-regulate proMMP expression in RA
FLSs,77 and blocking Wnt5a/Fz5 signaling using

neutralizing antibodies, antisense oligonu-
cleotides, or dn expression vectors inhibited acti-
vation of FLSs, preventing proinflammatory
cytokine secretion. In addition, inhibition of sig-
naling through Fz5 decreased expression of the
receptor activator of NF-κB ligand (RANKL).75

Blockade of canonical Wnt signaling to
decrease cytokine and chemokine production
may lead to decreased NO production and MMP
expression, and ultimately a suppression of car-
tilage damage and disease progression. In addi-
tion to arresting joint destruction, effective
therapeutic treatments should also promote the
repair of the injured tissue. Given that the non-
canonical and canonical Wnts have been shown
to elicit opposing cellular responses, it is inter-
esting to speculate that simultaneous stimulation
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and inhibition of the non-canonical and canoni-
cal Wnt pathways, respectively, may result in
regeneration of the damaged tissue. Further
development of Wnt-based therapies depends
on understanding the complex sequence of
molecular events in the Wnt cascades in the
compromised joint, as well as in the affected joint
the general efficacy of delivery methodologies,
such as gene therapy, siRNA/RNAi, and neu-
tralizing antibodies.

CONCLUSIONS

Great strides have been made toward gaining a
better understanding of the molecular events
involved in the progression of cartilage destruc-
tion in the joint. The evidence of the involvement
of Wnts in the pathology of many diseases,
including RA and OA, is the impetus for the
development of therapies that target the compo-
nents of the Wnt signaling pathway. A better
understanding of the cross-talk between cytokine,
growth factor, and Wnt signaling pathways is
crucial to the development of novel therapeutics
for rheumatic joint diseases.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoim-
mune inflammatory disease of the synovial joints.
It is characterized clinically by pain, swelling,
stiffness, and deformity of affected joints due to
infiltration and proliferation of synovial tissues
and progressive joint destruction. This process
can result in physical disability and premature
death. Infiltrating cell types including macro-
phages, neutrophils, T and B cells release a
plethora of proinflammatory mediators that
change the phenotype of resident endothelial cells,
synovial fibroblasts, chondrocytes, osteoblasts,
and osteoclasts. Lipid mediators generated from
metabolism of cell membrane arachidonic acid
(AA), the eicosanoids, are stimulated by cytokines
such as interleukin (IL)-1 and tumor necrosis
factor (TNF)-α. Eicosanoid biosynthetic enzymes
have been a central target for basic research and
drug interventions in RA and other inflamma-
tory conditions. Although drugs such as non-
steroidal anti-inflammatory drugs (NSAIDs) that
inhibit production of these lipid mediators have
not been shown to alter progression of joint
destruction in RA, they reduce pain, stiffness, and

swelling associated with disease. Even in this era
of potent biologic therapies, most patients con-
tinue to use NSAIDs. This chapter discusses the
current understanding of the role and contribu-
tion of key mediators and enzymes from the AA
metabolic pathway towards RA pathophysiol-
ogy. In addition, the authors discuss the current
and future therapeutic targets within the AA
metabolic pathway to counteract the symptoms
related to inflammation.

ARACHIDONIC ACID METABOLISM

The first step of AA metabolism is the release of
free AA from cell membrane phospholipids by
phospholipase (PL) A2. AA is further metabo-
lized by metabolic enzymes including cyclooxy-
genases (COXs), lipoxygenases (LOXs), and
further sequential terminal synthase enzymes to
generate a diverse range of metabolites includ-
ing prostaglandins (PGs), thromboxanes (TXs),
leukotrienes (LTs), hydroxyeicosatetraenoic acids
(HETEs) and lipoxins (LXs) (Figure 26.1). These
eicosanoids act via specific cell surface receptors
on peripheral nociceptors, endothelial cells, and
resident structural cells of the joint in an
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autocrine/paracrine fashion. Furthermore, these
eicosanoids modulate leukocyte functions in
complex ways.1 Production of the different
eicosanoids is cell type-dependent and changes
over time, providing for their pleiotropic effects.
For example, while some PGs clearly have pro-
inflammatory properties, recent studies suggest
that some AA-derived mediators including 
LXs and cyclopentenone PGs may contribute to
resolution of inflammation by endogenous anti-
inflammatory mechanisms.2 Even proinflamma-
tory PGs, such as PGE2, inhibit some leukocyte
functions.

CYCLOOXYGENASES

COX is the vital enzyme for the biosynthesis of
PGH2, the common substrate for bioactive PGs
and TXs including PGE2, PGD2, PGF2α, PGI2

(prostacyclin), and TXA2. AA generated from

cell membrane phospholipids by PLA2 in the 
initial step is converted to PGG2, and then
sequentially catalyzed to the unstable interme-
diate, PGH2, by the peroxidase activity of
COX.3 To date, at least two major isozymes,
COX-1 and COX-2, have been cloned and
investigated.4,5 COX-1 is expressed in most cell
types and tissues constitutively and functions
to maintain homeostasis.6 Recently, a splice
variant of COX-1 mRNA, retaining intron 1,
and referred to by several names including
COX-3, COX-1b or COX-1v, has been
described.7,8 However, this splice variant is
described as occurring at relatively high levels
in central nervous system tissues in mice, but
the role of this splice variant in humans
remains unclear.

COX-2 is induced in inflammatory cells and
tissues in response to various proinflammatory
cytokines, growth factors, and other mediators
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Figure 26.1 Arachidonic acid metabolism: biosynthesis of prostaglandins (PGs), thromboxanes (TXs), leukotrienes (LTs), hydroxy-

eicosatetraenoic acids (HETEs), and lipoxins (LXs).
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associated with inflammation,9 suggesting a key
role of COX-2 in the process of inflammation.
High levels of COX-2 are observed in synovial
tissues from patients with RA.10–13 In cultured
synovial fibroblasts from RA patients, COX-2 is
up-regulated by inflammatory cytokines and
other stimuli including IL-1, TNF-α, and phor-
bol myristate acetate and it is inhibited by gluco-
corticoids.14–16 These observations regarding
COX-2 expression in articular tissues are concor-
dant with the clinical efficacy of COX-2 selective
inhibitors in the treatment of RA.

The importance of COX-2 in various animal
experimental models of arthritis has also been
demonstrated. COX-2 inhibitors selective inhibitor,
but not a COX-1 selective inhibitor, significantly
reduced the severity of symptoms in rat adjuvant-
induced arthritis (AIA) and mouse collagen-
induced arthritis (CIA) models.17–19 Furthermore,
COX-2-deficient mice, but not COX-1-deficient
mice, display a significant reduction in both clin-
ical and histological signs of CIA.20

Apart from the PG biosynthetic pathway,
recent studies have also shown that acetylation
of COX-2 by aspirin triggers the generation of
novel endogenous lipid mediators termed aspirin-
triggered LXs (ATLs).21 ATLs mediate endoge-
nous stop signals which help in the resolution of
inflammation. ATLs have been shown to limit
neutrophil chemotaxis, adherence, and transmi-
gration; inhibit superoxide anion generation;
inhibit eosinophil migration; and decrease the
production of proinflammatory mediators,
including TNF-α and LTD4, in various animal
models of inflammation.22–26 Apart from ATLs,
aspirin treatment of human tissues in vitro and
murine tissues in vivo has been shown to gener-
ate novel 17R-hydroxy series docosanoids which
are also involved in limiting inflammation and
promoting resolution.27 These mediators are the
oxygenated products derived from omega-3
polyunsaturated fatty acids. Since these novel
mediators are generated during the resolution
phase of inflammation, they have been termed
as resolvins. The role of ATLs and resolvins 
in RA pathophysiology remains poorly under-
stood; however, the anti-inflammatory mecha-
nisms triggered by these endogenous mediators
may prove to be fruitful in devising novel 

therapeutic strategies for counteracting inflam-
mation during RA.

PROSTAGLANDINS

PGE2 is one of the major proinflammatory PGs
in RA. High concentrations of PGE2 are detectable
in the synovial fluid of patients with RA.28 PGE2

production at sites of inflammation is correlated
with the induction of COX-2. PGE2 exerts its
effects via four EP receptor subtypes, EP1, EP2,
EP3, and EP4, which have a different intracellular
signaling. Animal models of arthritis have given
useful information on the role of EP receptor sub-
types in PGE2 signaling. EP4 receptor-deficient
mice display reduction of incidence and severity
of arthritis in the collagen antibody-induced
arthritis (CAIA) model.29 In CIA, combination of
EP2 genetic deletion and EP4 pharmacological
antagonism shows attenuation of arthritis in
mice.30 In addition, administration of neutraliz-
ing antibodies against PGE2 results in reduction
of carageenan-induced paw edema and AIA in
the rat.31 The efficacy of the specific neutraliza-
tion of PGE2 was indistinguishable from that of
the NSAIDs, which block the production of all
PGs. These data suggest that PGE2 is a critical PG
in the pathophysiology of inflammatory arthritis.

PGI2 and its receptor (IP receptor) signaling
also contribute towards the acute inflammatory
responses including pain, vasodilation, and
enhanced vascular permeability.32 A recent study
demonstrated that PGI2 receptor (IP receptor)-
deficient mice show the reduction of chronic
inflammatory symptoms in CIA and CAIA
models, suggesting the role of PGI2 in addition
to PGE2 in chronic inflammation in the arthritic
joint.30

In contrast to proinflammatory PGs, 15-
deoxy-∆12,14-PJG2 (15d-PGJ2), a metabolite of
PGD2, exerts anti-inflammatory effect, at least in
part, through the activation of peroxisome pro-
liferator-activated receptor gamma (PPAR-γ) in
peripheral inflammation.33 15d-PGJ2 inhibits
expression of proinflammatory cytokines such
as IL-1β and TNF-α in cultured synovial fibrob-
lasts.34 In addition, 15d-PGJ2 inhibits the growth
of synovial fibroblasts by facilitating apoptosis
and reduces the inflammatory features such as
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pannus formation and mononuclear cell infiltra-
tion in a model of AIA.35

TERMINAL PG SYNTHASES

Various terminal enzymes that specifically cat-
alyze the conversion of PGH2 to each bioactive
prostanoid downstream of COX have been
cloned and characterized in recent years. These
enzymes are termed PGE synthase (PGES) for
PGE2, PGDS for PGD2, PGFS for PGF2α, PGIS for
PGI2, and TXS for TXA2, respectively.3,36

Isozymes of PLA2, COX, and various terminal
synthases appear to be functionally coupled by
virtue of their co-regulated expression and sub-
cellular localization that is based on the specific
cell type and the presence or absence of pro- or
anti-inflammatory stimuli.37,38 Specific changes
in PG production are therefore dependent on the
extracellular milieu and in turn participate in the
initiation or resolution of inflammation. Over
time during an acute inflammatory process,
PGE2 biosynthesis gives way to PGD2 and its
anti-inflammatory metabolite, 15d-PGJ2,that par-
ticipate in resolution of inflammation as expression
of PGES wanes.2,39,40

At least three forms of PGES – cytosolic PGES
(cPGES), microsomal PGES (mPGES)-1, and
mPGES-2 – have been cloned and characterized.
These enzymes specifically catalyze the conver-
sion of PGH2 to PGE2 in the final step of PGE2

biosynthesis; however, their catalytic activity
differs, with mPGES-1 being the most effi-
cient.41,42 cPGES and mPGES-2 are constitutively
expressed in a wide variety of cells and tissues.43,44

On the other hand, mPGES-1 is an inducible
enzyme that shows coordinated induction with
COX-2 under inflammatory conditions.45,46

mPGES-1 is dramatically induced in parallel
with COX-2 in cultured synovial fibroblasts
from RA patients in response to stimulation by
proinflammatory cytokines, IL-1β and TNF-α.47,48

It has also been confirmed that mPGES-1 expres-
sion is inhibited by glucocorticoids. In addition,
mPGES-1 is positively autoregulated by its prod-
uct PGE2 in synovial fibroblasts and chondro-
cytes though the activation of EP2 and EP4
receptors under IL-1β-stimulated condition.41,49

mPGES-1 is expressed in synovial tissues of RA
patients and the induction seems to be correlated

with the extent of disease activity of RA.44,50

Induction of mPGES-1 is also observed in joint
tissues of rat AIA.51 In addition, mPGES-1-defi-
cient mice exhibit reduction of inflammatory
changes and histopathologic changes such as
pannus formation and joint erosion in the CIA
and CAIA models.52,53 These data suggest that
mPGES-1 may be a valid pharmacological target
for the treatment of RA.

PGDS exists in two known isoforms, namely,
lipocalin PGDS (L-PGDS) and hematopoietic
PGDS (H-PGDS). H-PGDS is responsible for the
production of PGD2 and its metabolite 15d-PGJ2

in peripheral inflammation.39,54 It has been
reported that retrovirally transfected PGDS
cDNA can suppress inflammatory responses in
vivo.55-57 In conversion of PGH2 to TXA2 or 
PGI2, TXS and PGIS act as specific terminal
enzymes, respectively.58,59

LIPOXYGENASES AND LEUKOTRIENES

Apart from cyclooxygenases, AA can also be
metabolized via LOX enzyme, which results in
the production of HETEs and LTs. LOX enzymes
including 15-LOX and 12-LOX generate 15-
HETE and 12-HETE, respectively, by metaboliz-
ing AA, whereas 5-LOX metabolizes AA to yield
LTs.60 5-LOX metabolism of AA produces an
unstable metabolite, LTA4, which is subse-
quently hydrolyzed by LTA4 hydrolase (LTA4H)
to LTB4, or LTC4 by LTC4 synthase in combina-
tion with reduced glutathione. LTC4 is further
converted to LTD4 by γ-glutamyl leukotrienase
(γ-GL) and γ-glutamyl transpeptidase (γ-GT),
and subsequently converted to LTE4 by dipepti-
dase.61,62 The ability of 5-LOX to utilize endoge-
nous arachidonate for the production of LTs is
dependent on a helper protein termed 5-LOX
activating protein (FLAP).

5-LOX and FLAP have been shown to be
expressed in RA synovial fibroblasts.63 Animal
studies using mice deficient in FLAP have been
shown to have reduced severity of CIA,64 sug-
gesting a role of 5-LOX and FLAP in the patho-
physiology of arthritis. Among all LTs, LTB4 is
most likely to be involved in the pathophysiol-
ogy of RA. LTB4 mediates its effects via two
known G protein-coupled receptors, namely
BLT1 and BLT2. Elevated levels of LTB4 have been
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reported in the serum of patients with RA.65 It
has been reported that neutrophils in the
inflamed joints of RA patients are the major
source of LTB4 production.66 Animal studies
using a murine model of CIA have shown that
inhibition of LTB4 by MK886 (an inhibitor of
LTB4 synthesis) reduces proinflammatory
cytokine production, disease severity, articular
inflammation, and joint destruction.67

NON-STEROIDAL ANTI-INFLAMMATORY 
DRUGS IN RA

In 1971, Sir John Vane first demonstrated that the
mechanism of action of aspirin and other
NSAIDs is due to inhibition of COX and subse-
quent inhibition of PG production. Since then,
NSAIDs have been extensively used for the
management of pain, swelling, and stiffness in
RA.68 Non-selective or traditional NSAIDs are
effective in the management of pain associated
with RA but are associated with a number of
gastrointestinal (GI) and renal side effects due to
their inhibitory effects on both COX-1 and COX-2
activities, along with inhibition of PG and TX
production.69 Selective inhibitors of COX-2
(COXIBs) were therefore developed to overcome
the GI side effects of non-selective NSAIDs.
Although COXIBs are associated with reduced
incidence of serious GI side effects, recent reports
have demonstrated an increased risk for cardio-
vascular events associated with the inhibition of
COX-2.70–72 In the history of NSAIDs and
COXIBs, more drugs have failed than succeeded.
For example, of the three COXIBs indicated for
the treatment of RA released since 1999, only one
remains on the market. The current issues for
COX inhibitors include ongoing GI risk that while
reduced by strategies, including co-administration
of proton pump inhibitors or misoprostol and
use of COXIBs, have not eliminated serious GI
events associated with these medications. Co-
administration of low-dose aspirin, whose use is
quite frequent in patients with RA, especially in
light of the increased cardiovascular risk in this
disease, increases GI toxicity. All of these drugs
have renal effects including increased blood pres-
sure, which may contribute to long-term issues
with cardiovascular adverse events in RA. The
cardiovascular issues continue to be troublesome

and it cannot be concluded from current data
that any drug that inhibits COX-2, non-specific
or specific, is free of cardiovascular adverse
effects.

All these issues raise important questions
regarding the balance of safety and efficacy of
non-specific and COX-2-specific NSAIDs in the
treatment of RA, and have led to a resurgence
in efforts to discover alternate targets within
the eicosanoid biosynthetic pathway. The fact
that the COX isozymes sit relatively high up in
the biosynthetic pathway and lead to inhibi-
tion of all PGs, makes inhibition of these
enzymes rather crude tools if indeed the desire
is to inhibit the production or action of only
one PG or to block its actions. The current task
at hand is to devise new therapeutic tools to
control chronic inflammation associated with
RA. More specific targeting of the eicosanoid
pathway may allow for benefit, while minimizing
risks.

FUTURE THERAPEUTIC TARGETS

Since the discovery of mPGES-1 as an inducible
enzyme that results in marked increases in PGE2

biosynthesis, the possibility of mPGES-1 as a
therapeutic target in counteracting inflammation
in diseases such as RA has been raised. Animal
studies using mPGES-1-deficient mice reveal
resistance to pain, arthritis, and fever, which are
the important therapeutic properties of COX
inhibitors.52,53,73 No specific inhibitor of mPGES-1
enzyme is available at this time, but research is
ongoing.

In evaluating the potential for mPGES-1 as a
target, issues of safety advantages and efficacy
disadvantages compared with currently avail-
able drugs must be considered. Recently
reported cardiovascular side effects associated
with the use of COXIBs emphasize the need to
understand the potential consequences of
mPGES-1 inhibition in this organ system. One of
the hypotheses put forward to explain the car-
diovascular effects of COX-2 inhibition is the
loss of anti-thrombotic PGI2 derived from
endothelial COX-2, which plays a key role in the
regulation of thrombogenesis.74 Studies by our
group and others suggest that inhibition of
mPGES-1 may escape the cardiovascular side
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effects seen with inhibition of COX-2. Our recent
study using mouse embryonic fibroblasts iso-
lated from mice with genetically deleted mPGES-
1 enzyme demonstrated that genetic deletion of
mPGES-1 results in diversion in the production
pattern from predominant PGE2 to PGI2, sug-
gesting a shunting phenomenon within the AA
metabolic pathway upon mPGES-1 genetic dele-
tion, whereas pharmacological inhibition and
genetic deletion of COX-2 resulted in dramatic
decrease in the levels of not only PGE2 but also
PGI2.75 In addition, our results showed that
mPGES-1 gene deletion causes elevation of nitrite
levels, a stable metabolic product of nitric oxide
(NO). PGI2 and NO are potent vasodilators and
are involved in the maintenance of vascular
homeostasis, and clinical studies support their
beneficial effects for the management of circula-
tory disorders.76–79 To further support this,
another recent study showed that genetic dele-
tion of mPGES-1 depressed PGE2 production,
increased PGI2 production, and had no effect on
thromboxane biosynthesis in vivo. In addition,
mPGES-1 deletion did not have any effect on
thrombogenesis and blood pressure.80 In view of
the above results, mPGES-1 pharmacological
inhibition may not be associated with the cardio-
vascular side effects seen with inhibition of
COX-2 and continues to be an attractive target
for counteracting inflammation during inflam-
matory diseases including RA. However,
mPGES-1 is expressed in the kidney and may be
important in renal homeostasis.45,81 Furthermore,
PGI2 has its own proinflammatory properties,
and increased prostacyclin production may coun-
teract efficacy of mPGES-1 inhibition in patients
with RA and other inflammatory disorders.

Other strategies would include inhibition of
EP receptors; however, it is likely that both EP2
and EP4 would require inhibition and the effect
of this strategy on the homeostatic properties of
PGE2 has not become clear as yet. Increasing
production of anti-inflammatory lipid mediators
or using these agents therapeutically may also
provide benefits.

SUMMARY

As research progresses to provide evidence and
better understanding of the specific eicosanoids

involved in inflammation and anti-inflammation,
targeted therapies specifically aimed at altering
this balance will be possible. At present, inhibi-
tion of PGE2 production seems most likely to
come to fruition for the treatment of the pain
and inflammation of RA. Promoting increased
levels of anti-inflammatory eicosanoids may
also prove to be a feasible strategy in the treat-
ment of RA. At present, the potential adverse
consequences and overall efficacy of alternate
treatment strategies to COX inhibition remain
unclear.
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INTRODUCTION

The journey from conception to birth is fraught
with danger. It has been estimated that 50–70%
of all conceptions fail. Complications that 
occur during pregnancy remain a serious clinical
problem and the triggers and mediators of pla-
cental and fetal damage are poorly understood.
Recurrent pregnancy loss affects 1–3% of cou-
ples.1,2 Despite aggressive efforts to understand
the basic biology underlying neonatal death 
and morbidity, their incidence has remained
unchanged over the past 20–30 years. Furthermore,
the well-established genetic, anatomic, endocrine,
and infectious causes of fetal damage are not
demonstrable in 50–60% of pregnancy complica-
tions, and more work is necessary to elucidate
their pathogenesis.2 In addition, preterm birth
occurs in up to 10% of pregnancies, accounting
for 70% of neonatal deaths and related neonatal
morbidity, including neurological, respiratory,
and metabolic complications in the newborn.3,4

Intrauterine growth restriction (IUGR) occurs in
up to 10% of infants born in the United States5

and growth-restricted fetuses have higher mor-
tality and morbidity rates than fetuses with
weights > 10th percentile. While the insult to the
fetus occurs in utero, the deleterious influence of
IUGR contributes to long-term developmental
delay, and a suboptimal intrauterine environ-
ment has been linked to metabolic disorders

during adult life, including coronary artery dis-
ease, hypertension, hyperlipidemia, and insulin
resistance.6

Although the causes of recurrent miscarriages
and IUGR are poorly understood, an immune
mechanism involving inappropriate and subse-
quently injurious recognition of the conceptus
by the mother’s immune system has been pro-
posed. This misdirected immune response to
fetus, placenta, or both, could yield a wide range
of phenotypes including miscarriages early in
pregnancy and IUGR later in pregnancy.
Pregnancy constitutes a major challenge to the
maternal immune system because it requires 
tolerance of fetal alloantigens encoded by pater-
nal genes. Local factors at the maternal–fetal
interface are required to maintain such tolerance
and assure normal development of semiallo-
genic concepti.7 The fetus is protected from
maternal immune responses through mecha-
nisms such as expression of HLA-G,8 inhibitory
T-cell costimulatory molecules,9 and complement
regulatory proteins by trophoblasts,10 and by
local maternal regulatory T cells11 and production
of the immunosuppressive enzyme indoleamine
2,3 dioxygenase.12

Murine models have recently been developed
that have elucidated these protective mecha-
nisms and excessive complement activation at
the maternal–fetal interface has been observed
when these mechanisms fail. We and others have
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identified a novel role for complement as an
early effector in the pathway leading to pregnancy
loss associated with placental inflammation.13–15

Indeed, it appears that inhibition of complement
activation is an absolute requirement for normal
pregnancy,10,16 and that in the antiphosphospho-
lid syndrome overwhelming activation of com-
plement triggered by antibodies deposited in
placenta leads to fetal injury.13,14 In addition to
blocking effector molecules in the complement
cascade, the alternative pathway of complement
activation is emerging as a potential new target
in the treatment of recurrent pregnancy loss.

COMPLEMENT CASCADE AND TISSUE INJURY

Activation of the complement cascade

The complement system, comprising over 30
proteins that act in concert to protect the host

against invading organisms, initiates inflammation
and tissue injury (Figure 27.1).17,18 Activation of
complement promotes chemotaxis of inflamma-
tory cells, generates intracellular signaling
events in local non-immune cells, and produces
proteolytic fragments that enhance phagocytosis
by polymorphonuclear leukocytes (PMNs) and
monocytes. Lysis of cells and organisms identi-
fied as foreign is mediated by the formation of
the membrane attack complex.

The classical pathway is activated when natural
or elicited antibodies bind to antigen and unleash
potent effectors associated with humoral
responses in immune-mediated tissue damage.
Activation of the classical pathway by natural
antibodies plays a major role in the response to
neoepitopes unmasked on ischemic endothe-
lium, and thus may be involved in reperfusion
injury.19 In addition, the classical pathway is
activated through the action of C-reactive protein
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Figure 27.1 Complement cascade. Schematic diagram of the three complement activation pathways and the products they 

generate. From Hughes Syndrome, 2nd edn, Khamashta MA, Ed, 2006, page 396, chapter 31, by Girardi G and Salmon J,

Figure 31.1. With kind permission of Springer Science and Business Media.
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and serum amyloid P as they bind nuclear con-
stituents released from necrotic or dying cells, or
directly when apoptotic bodies derived from
cells bind C1q.20,21 The mannose-binding lectin
(MBL) pathway is activated by MBL recognition
of carbohydrates (often on infectious agents or
as a specific form of carbohydrate designated G0
on the Fc domain of antibodies) or by the inter-
action with cytokeratin released from injured
cells.22 Following MBL binding, MBL-associated
serine protease-2 (MASP-2) autoactivates and
cleaves complement component 2 (C2) and C4 of
the classical pathway, leading to the cleavage and
activation of C3. Another associated protease,
MASP-1, can directly cleave C3 and bypass the
necessity for the classical pathway.22

Alternative pathway activation mechanisms
differ in that they are initiated by the binding of
spontaneously activated complement compo-
nents to the surface of pathogens or self. The
alternative pathway is activated through two
processes. The first is an intrinsic mechanism
called ‘tickover’ that involves the slow but con-
tinuous low grade hydrolysis of C3 and gener-
ates a conformationally altered form of C3
(designated C3(H2O)) that is capable of binding
factor B. Once factor B binding occurs, factor D
can cleave factor B into Ba, which diffuses away,
and Bb, which associates with C3(H2O), and
together they act as a protease to cleave and acti-
vate additional C3 molecules, generating C3a
and C3b. C3b becomes fixed to targets through
its thioester bond, factor B binds to this newly
formed C3b and it is cleaved by factor D to Bb
and Ba. C3bBb is stabilized by properdin, and
acts as another C3 convertase, and the subse-
quently generated C3bBbC3b can then act as a C5
convertase. This pathway is antibody-independent
and is triggered by the activity of factor B and
properdin. Properdin promotes optimal rates of
complement activation by virtue of its ability to
bind and stabilize C3 and C5 convertases.
Properdin, the only regulator of complement that
amplifies its activation, is produced by T cells,
monocytes/macrophages, and PMNs.

The second mechanism of alternative pathway
activation is the ‘amplification loop’ (Figure 27.2).
In this process, C3b that is formed by the action
of the classical or lectin pathway-derived C3 con-
vertases can bind factor B and lead to the formation

of an alternative pathway C3 convertase, as
described above. The alternative pathway is
amplified at sites of tissue injury when inflam-
matory cells are recruited by effectors that may
be generated by initial classical pathway activa-
tion. Necrotic cells fix complement, but more
likely, a proinflammatory amplification loop
results from alternative pathway activation by
anaphylatoxin-responsive, infiltrating cells that
secrete C3 and properdin to increase generation
of complement cleavage products.

By means of these recognition and activation
mechanisms, as well as the MBL pathway, the
complement system identifies and responds to
‘dangerous’ situations presented by foreign anti-
gens, pathogens, tissue injury, ischemia, apoptosis,
and necrosis.23 This capacity places the comple-
ment system at the center of many clinically
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Figure 27.2 Details of alternative pathway amplification loop:

components, activation, and regulatory steps. Independent of

which pathway initiates C3 activation and C3b fixation to the

target, factor B is able to bind C3b. This step is followed by

cleavage of factor B by factor D into Bb and Ba, further C3

activation by proteolytic activity of C3b-associated Bb, and a

continuous loop of activity that is stabilized by properdin.
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important responses to foreign pathogens and,
relevant to this chapter, to fetal injury mediated
by cellular or humoral immune mechanisms.

Complement activities

The convergence of three complement activation
pathways on the C3 protein results in a common
pathway of effector functions (Figure 27.1). The
initial step is generation of the fragments C3a
and C3b. C3a, an anaphylatoxin that binds to
receptors on leukocytes and other cells, causes
activation and release of inflammatory media-
tors.23 C3b and its further sequential cleavage
fragments, iC3b and C3d, are ligands for com-
plement receptors 1 and 2 (CR1 and CR2) and
the β2 integrins, CD11b/CD18 and CD11c/
CD18, present on a variety of inflammatory and
immune accessory cells.24,25 C3b attaches cova-
lently to targets, followed by the assembly of C5
convertase with subsequent cleavage of C5 to
C5a and C5b. C5a is a potent soluble inflamma-
tory anaphylatoxic and chemotactic molecule
that promotes recruitment and activation of neu-
trophils and monocytes and mediates endothe-
lial cell activation through its receptor, C5aR
(CD88), a member of the heptahelical seven
transmembrane spanning protein family.26,27

Binding of C5b to the target initiates the non-
enzymatic assembly of the C5b-9 membrane
attack complex (MAC). Insertion of C5b-9 MAC
causes erythrocyte lysis through changes in
intracellular osmolarity, while C5b-9 MAC dam-
ages nucleated cells primarily by activating spe-
cific signaling pathways through the interaction
of the membrane-associated MAC proteins with
heterotrimeric G proteins.28,29

In contrast to the somewhat uncertain role of
C3 and the more proximal complement compo-
nents, such as C1q, SAP, or C4, in promoting or
protecting from autoimmune diseases like sys-
temic lupus erythematosus (SLE), it is well
accepted that activation of C5 and the insertion
of MAC in the cell membrane results in a profound
proinflammatory state affecting self-tolerance.30

Thus, therapeutic strategies that target C5 and
the more distal complement components, but
leave C3 and the more proximal components
unaffected, are an especially promising approach
to complement inhibition.

The generation of C5a from C5 by C5 conver-
tases is a major trigger of inflammation.
Expression of C5aR, initially thought to be lim-
ited to neutrophils, monocytes, and eosinophils,
has recently been shown to be more widespread
and to include endothelial cells, liver parenchy-
mal cells, vascular smooth muscle cells,
bronchial epithelium, alveolar cells, mast cells,
astrocytes, and human mesangial cells.27 C5a
binding on endothelial cells results in increased
expression of P-selectin,31 production of MIP-2, a
potent neutrophil chemotactic factor, and MCP-1,
involved in recruitment of monocytes and 
lymphocytes.32 The release of chemokines in the
presence of C5a leads to increased transmigration
of neutrophils and amplification of inflammatory-
mediated tissue damage.

Incorporation of C5b-9 MAC into cell mem-
branes, a step absolutely dependent on C5 activa-
tion, also has pronounced effects on cell function.
MAC binding activates several signal transduc-
tion pathways, resulting in increased arachi-
donic acid mobilization, generation of diacyl
glyceride and ceramide, and activation of protein
kinase C, MAPK, and Ras.28,29 Proinflammatory
and tissue-damaging phenotypic outcomes 
that follow these signaling events include the
proliferation and release of reactive oxygen
intermediates, leukotrienes, thromboxane, and
platelet-derived growth factor.32–34 Platelets
respond to C5b-9 MAC insertion by degranula-
tion and expression of procoagulant activity.35

The concept that MAC plays a major role in
human disease is further supported by finding
that MAC is present at sites of tissue damage in
multiple sclerosis, rheumatoid arthritis (RA),
and many forms of glomerulonephritis.32,35

Indeed, deficiency or inactivation of CD59, the
complement regulatory protein that restricts MAC
formation, seen in paroxysmal nocturnal hemo-
globinuria and diabetes, respectively, is associ-
ated with thrombosis and vasculopathy.36

Because activated complement fragments
have the capacity to bind and damage self-
tissues, it is imperative that autologous bystander
cells be protected from the deleterious effects of
complement. To this end, most human and
murine cells express molecules that limit the acti-
vation of various complement components. C3 is
an important site of such complement regulation.17
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Inhibition of C3 activation blocks the generation
of most mediators of inflammation and tissue
injury along the complement pathway. A family
of membrane-bound proteins regulate the acti-
vation of C3 on the surface of host cells.37,38

Decay accelerating factor (DAF) and membrane
cofactor protein (MCP) are expressed on most
human cells. Mouse DAF is also ubiquitously
expressed, but murine MCP expression is
restricted to the testis. However, mouse cells
express an additional complement regulatory
molecule, Crry, a widely distributed protein
with MCP and DAF-like activity.39,40

COMPLEMENT AND FETAL TOLERANCE

Although the relationship between pregnancy
failure and histologic evidence of inflammation
has been convincingly documented, the trigger-
ing factors involved in initiating inflammation
have remained elusive in most cases of preterm
labor and spontaneous miscarriage. Experimental
observations suggest that increased complement
activation either causes or perpetuates inflam-
mation during pregnancy.41,42 As fetal tissues are
semi-allogeneic and alloantibodies commonly
develop in the mother, the placenta is potentially
subject to complement-mediated immune attack
at the maternal–fetal interface.41 Although acti-
vated complement components are present in
normal placentas,43,44 it appears that in success-
ful pregnancy uncontrolled complement activa-
tion is prevented by three regulatory proteins
present on the trophoblast membrane: DAF,
MCP, and CD59.45–47 All three proteins are
strategically positioned on the trophoblast in
contact with maternal blood and cells and provide
a mechanism to protect the fetus from damage
due to complement pathway activation by
alloantibodies. Indeed, based on their distribu-
tion patterns, it is likely that these proteins are
strategically positioned for this purpose. Studies
in mice show that complement regulatory pro-
teins critically determine the sensitivity of host
tissues to complement injury in autoimmune,
ischemic, and inflammatory disorders.48,49 The
importance of complement regulatory proteins
in humans is underscored by recent reports of a
strong association between mutations in MCP
and factor H (causing ineffective C3 inactivation)

with the hemolytic uremic syndrome and
glomerular endothelial injury.50,51

Studies in mouse experimental models under-
score the importance of complement regulation
in fetal control of maternal processes that medi-
ate tissue damage (Figure 27.3). In mice, Crry, a
membrane-bound intrinsic complement regula-
tory protein (like DAF and MCP), blocks C3 and
C4 activation on self-membranes40 and thereby
inhibits classical and alternative pathway C3
convertases and blocks C3, C5, and subsequent
MAC activation. That appropriate complement
inhibition is an absolute requirement for normal
pregnancy has been demonstrated by the find-
ing that Crry deficiency in utero leads to progres-
sive embryonic lethality.10 Crry-/- embryos are
surrounded by activated C3 fragments and
PMNs, primarily around the ectoplacental cone
and surrounding trophoectoderm. Importantly,
Crry-/- embryos are completely rescued from
100% lethality and live pups are born at a
normal Mendelian frequency when C3 defi-
ciency or factor B deficiency is introduced to
Crry-/- embryos.10,52 Defects in placental forma-
tion were associated with pregnancy loss and
were solely dependent on alternative pathway
activation and required maternal C3.52 These
observations emphasize the importance of the
alternative pathway in initiating or amplifying
complement activation in the placenta and pro-
vide genetic proof that Crry–/– embryos die in utero
due to their inability to suppress complement
activation and tissue damage mediated by C3.
Overall, these findings support the concept that
appropriate complement regulation is necessary
to control maternal alloreactivity and placental
inflammation and that a local increase in com-
plement activation fragments is highly deleterious
to the developing fetus.

COMPLEMENT IN MOUSE MODELS 
OF PREGNANCY LOSS

Complement activation mediates
antiphospholipid antibody-induced 
pregnancy loss

The antiphospholipid antibody syndrome (APS)
is characterized by arterial and venous thrombo-
sis and pregnancy complications, including fetal
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death and growth restriction, in association with
antiphospholipid (aPL) antibodies. Over the last
two decades, APS has emerged as a leading cause
of pregnancy loss and pregnancy-related mor-
bidity. Pregnancy loss is a defining criterion for
APS and occurs with particularly high frequency
in SLE patients bearing this antibody.53–55 APS is
defined as the association of aPL antibodies

(lupus anticoagulant or anticardiolipin antibod-
ies) with one or both of these clinical events.
Patients meet criteria for APS if they have three
otherwise unexplained embryonic losses (before
10 weeks gestation) or one otherwise unexplained
fetal loss (after 10 weeks), with or without pla-
cental infarction or fetal growth restriction.53–55

The in vivo mechanisms by which aPL antibodies
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Figure 27.3 The role of complement activation in mouse models of pregnancy complications. The most striking finding is the

remarkable similarity of the mechanisms leading to destruction of the feto–placental unit. Whether initiated by pathogenic antibod-

ies (aPL antibodies), activated inflammatory cells, or lack of expression of complement regulatory proteins, there is C3 deposition,

inflammatory cell infiltration, and tissue damage, likely products of complement activation. Activation of C5 leads to the gener-

ation of potent anaphylatoxins and mediators of effector cell activation, particularly C5a. C5a attracts and activates neutrophils,

monocytes, and platelets, and stimulates the release of inflammatory mediators , including reactive oxidants, proteolytic

enzymes, chemokines, cytokines, and complement factors C3 and properdin. Secretion of C3 and properdin by neutrophils, as

well as the presence of apoptotic and necrotic decidual tissue, may accelerate alternative pathway activation, creating a proin-

flammatory amplification loop at sites of leukocyte infiltration that enhances C3 activation and deposition and generates additional

C5a. This results in further influx of neutrophils, inflammation within the placenta, and ultimately fetal injury. Depending on the

extent of damage, either death in utero or fetal growth restriction ensues. Adapted from Girardi et al. Complement C5a receptors

and neutrophils mediate fetal injury in the antiphospholipid syndrome. J Clin Invest 2003; 112(11): 1644–54. With kind permission

from the American Society for Clinical Investigation.
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lead to vascular events, particularly recurrent
fetal loss, are largely unknown. Our studies in a
murine model of APS indicate that in vivo com-
plement activation is necessary for fetal loss and
vascular thrombosis caused by aPL antibodies.

Using a mouse model of APS induced by pas-
sive transfer of human aPL antibodies, we have
shown that complement activation plays an
essential and causative role in pregnancy loss
and fetal growth restriction.13 Passive transfer of
IgG from women with recurrent miscarriage and
aPL antibodies results in a 40% frequency of
fetal resorption compared to < 10% in mice
treated with IgG from healthy individuals, and a
50% reduction in the average weight of surviv-
ing fetuses. In our initial studies, we found that
inhibition of the complement cascade in vivo,
using the C3 convertase inhibitor Crry-Ig, pre-
vented fetal loss and growth restriction and that
mice deficient in complement C3 were resistant
to fetal injury induced by aPL antibodies.13

To define the initiating pathways and critical
effectors of aPL-induced pregnancy injury, we
used mice deficient in complement elements
(C4, factor B, C5, C5a receptor) and inhibitors of
complement activation (anti-C5 monoclonal
antibodies (mAbs), anti-factor B mAbs, C5a
receptor antagonist peptide) in our mouse
model of APS.14 We identified complement com-
ponent C5, and particularly its cleavage product
C5a, as key mediators of fetal injury and showed
that antibodies or peptides that block C5a–C5a
receptor interactions prevent pregnancy compli-
cations. Furthermore, our results indicate that
both classical and alternative complement path-
way activation contribute to damage (Figure 27.3).
Mice deficient in alternative and classical path-
way complement components (factor B, C4, C3,
and C5) were resistant to fetal injury induced by
aPL antibodies. Based on the results of our
mouse studies, we proposed a mechanism for
pregnancy complications associated with aPL
antibodies: aPL antibodies preferentially targeted
at decidua and placenta activate complement via
the classical pathway (Fc- and C4-dependent),
leading to the generation of potent anaphylatox-
ins (C3a and C5a) and mediators of effector cell
activation. Recruitment of inflammatory cells
accelerates local alternative pathway activation
and creates a proinflammatory amplification

loop that enhances C3 activation and deposi-
tion, generates additional C3a and C5a, and
results in further influx of inflammatory cells
into the placenta. Depending on the extent of
damage, either death in utero or fetal growth
restriction ensues.

These studies underscore the importance of
inflammation, rather than thrombosis, in fetal
injury associated with aPL antibodies. Histo-
pathologic findings in placentas from women
with APS also argue that proinflammatory 
factors may contribute to tissue injury.56,57 Given
that the primary treatment for APS patients is
anticoagulation throughout pregnancy, usually
with sub-anticoagulant doses of heparin, and
evidence that heparin inhibits complement acti-
vation in vitro, we considered the possibility that
heparin prevents pregnancy loss by inhibiting
complement activation on trophoblasts and that
anticoagulation, in and of itself, is not sufficient
to prevent pregnancy complications in APS. We
found that treatment with unfractionated heparin
or low molecular weight heparin protected preg-
nancies from aPLantibody-induced damage
even at doses that did not cause detectable inter-
ference with coagulation.58 In contrast, treatment
with hirudin or fondaparinux (anticoagulants
without anti-complement effects) was not protec-
tive, demonstrating that anticoagulation is insuf-
ficient therapy for APS-associated miscarriage.58

Furthermore, heparins inhibited both aPL 
antibody-induced elevations in circulating C3a
and increased C3b deposition in decidual tissues
(neither was altered by the other anticoagulants)
and blocked C3 cleavage in vitro. Thus, heparin
may prevent pregnancy complications by limit-
ing complement activation and the ensuing
inflammatory response at the maternal–fetal
interface, rather than by inhibiting thrombosis.

Our experiments indicate that aPL antibodies
targeted to decidual tissues damage pregnancies
by engagement of the classical pathway of com-
plement activation, followed by amplification
through the alternative pathway, and it appears
that the heparins prevent obstetric complications
caused by aPL antibodies because they block
activation of complement. This work also pro-
vides a framework for understanding how sub-
anticoagulant doses of heparin exert beneficial
effects in antibody-mediated tissue injury.
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Complement activation is a required
intermediary event in antibody-independent
mouse models of spontaneous miscarriage 
and IUGR

Studies in antibody-independent murine models
of pregnancy loss strongly indicate a role for
complement in fetal injury. Mellor et al.12 and
Munn et al.59 demonstrated that cells expressing
the enzyme indoleamine 2,3-dioxygenase (IDO)
protect murine allogeneic concepti from mater-
nal T-cell-mediated immunity and that treat-
ment of pregnant mice with an IDO inhibitor
results in a uniform loss of allogeneic, but not
syngeneic, fetuses. In this model of murine fetal
allograft rejection, maternal T cells specific for
paternal antigens trigger complement activation
and extensive deposition of C3 at the maternal–
fetal interface, despite adequate Crry expression
(Figure 27.3).12,59 It appears that the inhibitory
effects of Crry on complement activation are
inadequate to prevent complement deposition
when, under these pathological conditions,
maternal T cells induce the production of large
amounts of activated complement. Fetal allogaft
rejection and complement activation were evi-
dent in T-cell-repleted mothers lacking B cells
and pathogenic antibodies, indicating that com-
plement activation is mediated by the antibody-
independent alternative pathway.59 It has been
suggested that maternal T cells activated by con-
tact with fetal cells release properdin and pro-
voke activation of the alternative pathway and
deposition of complement at the maternal–fetal
interface, and cause fetal allograft rejection and
death.60,61 Alternatively, maternal T cells may
induce properdin release by myeloid cells.
Activated T cells may thus harness the potent
inflammatory activities of complement, a con-
stituent of the innate immune system, in a
manner similar to antibodies.

We have studied a model of immunologically
mediated peri-implantation pregnancy loss that
shares features with human recurrent miscar-
riage: DBA/2-mated female CBA/J mice (CBA/J
× DBA/2).62,63 Embryos derived from mating
CBA/J females with DBA/2 males showed 30%
frequency of resorption, more than three times
greater than that seen within these and other
strains or strain combinations. Embryonic lethality

in DBA/2-mated female CBA/J mice is believed
to represent rejection of the semi-allogeneic 
placenta by maternal-derived activated effec-
tors. Resorption is not universal, however, and
surviving fetuses show consistent and signifi-
cant growth restriction.15 The average weight of
fetuses from CBA/J × DBA/2 matings was
nearly 30% lower than that of fetuses from the
BALB/c-mated female CBA/J mice (the control
low-abortion mating combination) at the same
gestational age. Pregnancies complicated by
miscarriage or growth restriction were charac-
terized by complement C3 deposition and
inflammatory infiltrates in placentas and by
defective placental development. Inhibition of
complement activation in vivo at the level of C3,
C5, and C5a–C5a receptor interactions (using
Crry-Ig, anti-C5 mAb, or C5a receptor antago-
nist peptide) rescued pregnancies.15 As pre-
dicted by results of experiments with
complement inhibitors, administration of low-
dose heparin was also effective in preventing
fetal resorptions in DBA/2-mated CBA/J
females.15 These results re-emphasize the impor-
tance of complement in fetal damage and pro-
vide a framework for understanding how
sub-anticoagulant doses of heparin (an empirical
treatment administered to some patients with
recurrent miscarriage of undefined etiology)
exert beneficial effects.

Because immunohistologic analysis of decid-
uas from CBA/J × DBA/2 mice treated with
C5aR antagonist peptide showed minimal C3
deposition surrounding normal-appearing
fetuses and no evidence of inflammation, we
considered the possibility that recruited inflam-
matory cells amplify complement activation on
trophoblasts and within decidua. Activated
myeloid cells have been shown to generate
factor B and factor D.64 Indeed, cognate T-cell–
macrophage interactions are accompanied by
alternative pathway activation (due to produc-
tion of C3, factor B, and factor D, and down-reg-
ulation of complement regulatory protein
expression) leading to generation of C5a and cre-
ation of a local amplification loop.65 Given the
extensive infiltration of monocytes and neu-
trophils observed in deciduas of CBA/J ×
DBA/2 mice, we hypothesized that alternative
pathway activation contributes to fetal injury.
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Treatment of CBA/J × DBA/2 and CBA/J ×
BALB/c mice with an anti-factor B mAb known
to inhibit the alternative pathway in vitro and 
in vivo by blocking formation of the C3bBb com-
plex14,66 prevented fetal rejection and growth
failure, indicating that the alternative pathway
plays a central role in initiating and/or amplify-
ing injury.

THE ALTERNATIVE PATHWAY AS A TARGET 
FOR ANTI-INFLAMMATORY THERAPIES:
PREGNANCY FAILURE AND BEYOND

While the ‘traditional’ view of the alternative
pathway is that it is simply a mechanism to
amplify classical and lectin pathway activation,
recent studies in pregnancy noted above, and in
several other experimental models of human
disease have demonstrated that the alternative
pathway and its amplification loop play an
essential role in disease pathogenesis (Table 27.1).
In addition, genetic associations of dysfunc-
tional alleles or mutants of factor H, the major
alternative pathway regulatory protein, as well
as MCP/CD46, another membrane regulator of
alternative pathway activation, have highlighted
the role of the alternative pathway in age-related

macular degeneration and atypical hemolytic
uremic syndrome. The activation and regulatory
steps for the alternative pathway amplification
loop are illustrated in Figure 27.2.

The evidence that the alternative pathway
plays an essential role in the pathogenesis of
inflammation first emerged in studies using 
the K/BxN-derived anti-glucose-6-phosphate
isomerase (GPI) passive serum transfer model of
rheumatoid arthritis (RA), where inflammatory
joint disease was found to be ameliorated in 
fB-/- C57BL/6 mice but not in C4-/- or MBL-A-/-

mice.67 While the mechanism by which the anti-
gen–antibody complexes were able to activate
complement was not clearly defined, the find-
ings challenged the assumption that immune
complexes require the classical pathway to be
pathogenic in vivo. In the collagen-induced
arthritis (CIA) mouse model, back-crossing of the
fB-/- genotype into the DBA1/j strain resulted in
substantial disease amelioration, but introduc-
tion of the H-2b MHC into DBA1/j (which is 
H-2q) did not allow the investigators to conclude
that factor B itself is responsible for injury rather
other H-2 genes.68 Subsequent studies of the
anti-type II collagen (CII) arthritis induced by
passive transfer demonstrated that C57BL/6
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Table 27.1 Human disease models and complement pathway requirements

Complement pathway requirements

Human disease Mouse model(s) Classical Alternative

1. Rheumatoid arthritis K/BxN serum transfer No Yes
Anti-collagen antibody transfer No Yes

2. Antiphospholipid syndrome Antiphospholipid antibody transfer Yes Yes
3. Lupus nephritis MRL/lpr strain ? Yes

C4–/–/B6 lpr strain No ?
4. Asthma Ova, ragweed immunization/inhalation No Yes
5. Ischemia-reperfusion Injury Intestinal Yes Yes

Renal No Yes
6. Type II membrano-proliferative fH–/– strain No Yes

glomerulonephritis
7. Macular degeneration Choroid neovascularization No Yes
8. Spontaneous fetal loss Crry–/– strain No Yes

CBA/J × DBA/2 ? Yes

Modified from Thurman and Holers , The central role of the alternative complement pathway in human disease. J Immunol 2006; 176(3):
1305–10. With kind permission from the American Association of Immunologists.
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mice deficient in factor B were protected from
disease, while C4-deficient mice in the same
strain were not.69 Thus, in two models of passive
transfer arthritis the alternative pathway was
found to be essential, while the classical path-
way was dispensable. It must be emphasized
that these results do not exclude a role for the
classical pathway in arthritis. Rather, they do
demonstrate that in wild-type mice it is likely
that the classical pathway plays an important
role in generating target-fixed C3b that engages
the alternative pathway amplification loop, but
indeed inflammatory injury can occur in absence
of classical pathway activation. In contrast to
findings in passive transfer arthritis models,
other examples of antibody-mediated tissue
injury demonstrate a key role for both the classi-
cal and alternative pathways. As described
above, fetal loss and growth restriction caused
by transfer of aPL antibodies into pregnant mice
require the activation of both the classical and
alternative pathways, shown in studies using
C4-/- mice, fB-/- mice and a specific alternative
pathway inhibitory mAb directed to factor B.
Taken together, results from experiments in anti-
body-mediated disease models show that
regardless of whether the classical pathway is
required, engagement of the alternative path-
way appears to be the key pathogenic event.70

Other animal models of rheumatic diseases
also identify the alternative pathway as a medi-
ator of injury. In the MRL/lpr model of SLE,
introduction of fB–/–71 or fD–/–72 genotypes results
in a substantial decrease in renal disease. In con-
trast, MRL/lpr mice deficient in C3 have extremely
high immune complex levels and severe renal
disease, like that seen in C3-sufficient mice.73

These results are not surprising based on studies
of C1q- and C4-deficient C57BL/6 mice showing
that inhibition of the classical pathway results in
disease acceleration due to inadequate clearance
of apoptotic bodies and immune complexes,74

and they highlight the differences in outcomes
between therapies that target C3 and the classi-
cal pathway compared with those directed at
blocking the alternative pathway.

An important role for the alternative pathway
has been shown in several antibody-independ-
ent models of inflammatory disease, including
the CBA/J × DBA/2 model of pregnancy loss

described above. In experimental asthma gener-
ated by sensitization of mice with ovalbumin or
ragweed followed by intrapulmonary challenge
with inhaled antigens, C4–/– mice are not pro-
tected but both fB–/– mice and mice treated with
an inhibitor of factor B do not develop airway
disease.75 In this model, instillation of the alter-
native pathway inhibitor directly into the lung at
doses insufficient to cause a systemic comple-
ment inhibition was effective and reconstitution
of factor B into the lungs of fB–/– mice resulted in
the generation of airway hyper-reactivity, sug-
gesting that pathogenic complement products
are generated in the airways where they can
stimulate effector cells via C5a and C3a recep-
tors. It should be noted that, as described for
antibody-mediated injury, the relative contribu-
tion of classical pathway activation varies
depending upon the model studied. For example,
while ischemia-reperfusion injury of the intes-
tine requires C4, ischemia-reperfusion injury of
the kidney occurs in the absence of the classical
pathway, and for both target organs alternative
pathway activation is necessary for damage.75

Finally, as noted above, recent genetic studies
have implicated the alternative pathway regula-
tory protein, factor H, and factor B in susceptibil-
ity to age-related macular degeneration in
humans.76 Dysfunctional alleles of factor H 
(a complement inhibitor) and hyper-functional
alleles of factor B (alternative pathway ampli-
fier) are linked to age-related macular degenera-
tion. These results suggest that long-standing
dysregulation of the alternative pathway in the
eye leads to the formation of drusen and vascu-
lar endothelial growth factor (VEFG)-induced
neovascularization. Indeed, recent studies using
a mouse model of choroidal neovascularization
(CNV) that mimics age-related macular degen-
eration have shown that the alternative path-
way, not the classical pathway, is required for
the development of CNV and that activation of
the complement cascade drives the production
of VEGF.77

In summary, mouse studies demonstrate that
alternative pathway activation is a key mediator
in the generation of proinflammatory complement
components that lead to pregnancy complica-
tions, ischemia-reperfusion injury, arthritis,
nephritis, and age-related macular degeneration.
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Indeed, experimental models of pregnancy loss
were pivotal in elucidating the role of the alter-
native pathway in immune-mediated injury.
They demonstrated that the alternative pathway
may be initiated by intrinsic mechanisms, as in
the CBA/J × DBA/2 model of miscarriage, or
through the classical/lectin pathway-catalyzed
amplification loop, as in the model of aPL anti-
body-mediated fetal loss. Whether these results
from human genetic studies and murine models
can be translated into a therapeutically effective
strategy is not yet known, but the generation of
small molecule and mAb inhibitors directed to
the three alternative pathway proteins (factor B,
factor D, and properdin) will address this possi-
bility in the coming years.
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INTRODUCTION

Tissue remodeling is a central feature of rheuma-
toid arthritis (RA). It essentially contributes to a
progressive loss of joint function and leads to
severe crippling that characterizes the high burden
of disease. Tissue remodeling in RA is a complex
mechanism and is composed of three major
pathophysiological events: (i) growth, spreading,
and invasion of inflammatory synovial tissue; 
(ii) destruction of cartilage; and (iii) bone erosion.
All three processes are based on a common
underlying mechanism, which is the degrada-
tion of extracellular matrix (ECM).

STRUCTURE, NOMENCLATURE, AND FUNCTION
OF MATRIX METALLOPROTEINASES

Matrix metalloproteinases (MMPs) are a family
of zinc-containing enzymes involved in the
degradation and remodeling of ECM proteins.
The MMP protein family comprises at least 16
different zinc-dependent endopeptidases.1 All of
these enzymes act extracellularly. The structure
of MMPs consists of a catalytic domain contain-
ing histidine residues which form a complex
with the catalytic zinc atom. The localization of
this active site cleft varies among different mem-
bers of the MMP family and partly influences the
substrate specificity of each of the proteins. For
example, the fibronectin type II repeats of MMP-2
and -9 allow their binding to denatured collagen.

The regulatory domain is a second essential
domain of all MMPs. The regulatory domain
locks the catalytic zink site by chelating it to a
cysteine residue and thus maintains the MMP in
an inactive state. Upon activation of the MMP,
this regulatory domain is cleaved from the pro-
tease domain, thus uncovering the active catalytic
pocket. This cleavage is either autocatalytic or
mediated by enzymes such as plasmin, trypsin,
furin, or other MMPs, especially membrane-type
MMPs (MT-MMPs). Except MMP-7, which is the
simplest MMP containing a protease and a regu-
latory domain, other MMPs contain a variable
number of structural domains. These domains
partly determine substrate specificity of MMPs
and are involved in the binding of matrix pro-
teins and tissue inhibitors of metalloproteinases
(TIMPs), the natural inhibitors of MMP activity.
Examples of structural domains are the hemo-
pexin domains of collagenases (MMP-1, -8, -13,
and -14) allowing the binding to triple-helical
collagen and the transmembrane domains of
MT-MMPs (MMPs 14–17) serving as anchors to
the cell membrane.

The nomenclature of MMPs is now based on
an MMP number (MMP-1, MMP-2, etc.). Earlier
nomenclatures were based on the assumption
that each MMP is highly substrate-specific and
MMPs were named according to their capacity to
degrade collagen (collagenases), denatured col-
lagen (gelatinases), and elastin (elastases).2

However, it was recognized that each MMP
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usually degrades multiple substrates and that
there is substantial substrate overlap between
individual MMPs. Therefore, a numeric nomen-
clature has become widely accepted (Table 28.1).

The function of MMPs is confined to the
extracellular compartment, and MMPs act either
in a soluble form outside the cells or anchored to
the cell membrane (MT-MMPs). Firstly, mem-
bers of the MMP family are involved in tissue
remodeling under both normal and pathological
conditions. Secondly, MMPs are a prerequisite
for the migration of normal and malignant cells
through the ECM; and, thirdly, they act as regu-
latory molecules by processing matrix proteins,
cytokines, and adhesion molecules. In all these
instances, MMP activity underlies a fine balance
with the activity of their endogenous inhibitors
(TIMPs). Once activated, MMPs are a substrate
for TIMPs as well as they are bound and inacti-
vated by plasma proteins such as α2-macroglobu-
lin. To date, four different forms of TIMPs (TIMP
1–4) have been described.3

Two types of protein families are structurally
related to MMPs: the ADAMs (a desintegrin 
and a metalloproteinase)4 and the ADAMTSs 
(a desintegrin and a metalloproteinase with

thrombospondin motifs).5 Both families are also
multidomain proteases and consist of a catalytic
and a regulatory domain structurally related to
MMPs. However, both families have a desinte-
grin domain which allows binding to cell surface
integrins. Whereas ADAMs are membrane-
bound molecules, ADAMTSs lack a transmem-
brane part, but contain thrombospondin type I
motifs, allowing its binding to proteoglycans.
The most known ADAM is TACE (ADAM-17,
tumor necrosis factor (TNF) converting enzyme),
which cleaves membrane-bound TNF-α to a sol-
uble form.6,7 The most famous ADAMTSs are
ADAMTS-4 and -5, which are commonly known
as ‘aggrecanases’ cleaving aggrecan, which is the
most important proteoglycan of the cartilage.8

REGULATION

With the exception of MMP-2 and the MT-MMPs,
which are constitutively expressed, MMP
expression is induced (or suppressed) by extra-
cellular signals via transcriptional activation.
Three major groups of inducers can be differen-
tiated: (i) proinflammatory cytokines, (ii) growth
factors, (iii) matrix molecules, and (iv) advanced

354 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

Table 28.1 Nomenclature and substrates of MMPs, including the alternative names of MMP 
family members

Name Alternative name Major substrates MMP substrates

MMP-1 Interstitial collagenase Collagens (I, II, III, VII, VIII, X), gelatin, aggrecan MMP-2, -9
collagenase 1

MMP-2 Gelatinase A, type IV collagenase Collagens (I, IV, V, VII, X, XI, XIV), gelatin MMP-1, -9, -13
MMP-3 Stromelysin-1 Collagens (III, IV, V, IX) gelatin, aggrecan MMP-1, -2, -7, 

-8, -9, -13
MMP-7 Matrilysin Collagens (IV, X) gelatin, aggrecan MMP-1, -2, -9
MMP-8 Neutrophil collagenase, Collagens (I, II, III, V, VII, VIII, X) gelatin, aggrecan −

collagenase 2
MMP-9 Gelatinase B, 92 kDa gelatinase Collagens (IV, V, VII, X, XIV) gelatin, aggrecan −
MMP-10 Stromelysin-2 Collagens (II, IV, V) gelatin, aggrecan MMP-1, -8
MMP-11 Stromelysin-3 α2-Antitrypsin, α2-macroglobulin −
MMP-12 Macrophage metalloelastase Collagen (IV), gelatin, elastin −
MMP-13 Collagenase-3 Collagens (I, II, III, IV, IX, X, XIV) gelatin, aggrecan MMP-9
MMP-14 MT1-MMP Collagens (I, II, III), gelatin, elastin MMP-2, -13
MMP-15 MT2-MMP Fibronectin, aggrecan MMP-2
MMP-16 MT3-MMP Collagen (III), gelatin MMP-2
MMP-17 MT4-MMP − −
MMP-19 − Gelatin −
MMP-20 − Amelogenin −
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glycosylation end products (AGEs). Among
proinflammatory cytokines, interleukin (IL)-1 is
a central inducer of a variety of MMPs, includ-
ing MMP-1, -3, -8, -13, and –14.9–12 The effect of
IL-1 on MMP expression highlights the complex
nature of MMP induction: the specific effect of
an extracellular signal such as IL-1 on MMP
expression can be variable and depends on the
type of MMP induced, the cell type, and the
signal transduction pathway which appears pre-
dominantly activated. Thus, for example, IL-1
up-regulates differentially MMP-13, via JNK and
p38 protein kinase signaling9 and MMP-1, via
STAT transcription factors,12 in chondrocytes.
Also, additive effects between IL-1 and other
cytokines, such as TNF-α or oncostatin M,12,13 or
growth factors, such as fibroblast growth factor
(FGF) and platelet-derived growth factor (PDGF),
on the induction of MMPs are known.14 Other
cytokines pivotally involved in tissue remodeling
of rheumatic diseases which induce MMP expres-
sion are TNF-α (MMP 1–3)15 and IL-17 (MMP-1, 
-3, -9, and 13)16,17 and transforming growth factor
TGF-β (MMP-13).18 Among growth factors, FGF
and PDGF are known inducers of MMPs, as they
potentiate the effect of IL-1 on MMP expression.14

Vascular endothelial growth factor (VEGF) is an
inducer of MMP-13 in chondrocytes,19 and MIP
acts on MMP-9 and –13.20 The third group of
MMP inducers are matrix proteins (collagen,
fibronectin), and especially their degradation
products activate MMP expression in chondro-
cytes and fibroblasts, providing the possibility
for a site-specific MMP activation at places of
matrix breakdown.21,22 Recently, AGEs have
been identified as inducers for MMPs, particu-
larly of articular chondrocytes.23

Transcriptional silencers of MMPs are the
anti-inflammatory and regulatory cytokines IL-4,
IL-10 and IL-13,24 as well as signaling via the p53
protein.25 Some interesting data have also come
from studies showing that microparticles derived
from immune cells can directly stimulate the
expression of both inflammatory cytokines and
disease-relevant MMPs in synovial cells.26

Signaling for transcriptional activation of
MMPs is mediated by several pathways. The
activator protein-1 (AP-1) binding site is present
in the promotor region of all MMPs (except
MMP-2), suggesting a central role of jun/fos

transcription factor binding. Indeed, there is
abundant experimental evidence that all three
mitogen/stress-activated protein kinase (MAPK/
SAPK) families, ERK, JNK, and p38 kinase, which
integrate extracellular signals upstream from
jun/fos, are involved in the regulation of MMP
expression. In particular, the induction of MMP-
1, -9 and -13 is mediated through MAPK/SAPK
signalling.11,20,27–29 Besides AP-1, the promotor
regions of some MMPs contain NF-κB,27,28 STAT,30

and ETS31,32 binding sites. Indeed, activation of
these transcription factors has been demon-
strated to occur during the induction of MMP-1,
-3, and -13, which are thought to be essential for
the joint damage in rheumatoid arthritis (RA).
Activation of the various MAPK/SAPK and
transcription factors, none of which are tissue-
specific signaling molecules, occurs at very dis-
tinct subcompartments of the rheumatoid joint,
thus determining a specific pattern of MMP
expression in the synovium.33,34 On the other
hand, tissue-specific transcription factors of
MMP do exist. One example is Cbfa-1 (a runx-
protein family member) which is essential for
MMP-13 expression in cartilage and bone.35

Recently, regulation of MMPs by the Ets-1 tran-
scription factor has received some interest,
because in addition to the well established rolle
of Ets-1 in regulating the expresion of MMPs in
vascular endothelial cells36 novel data from the
Ets-1 knockout mouse indicate that Ets-1 is also
involved in the expression of MMPs in fibrob-
lasts.37 In this study, it was found that Ets-1 is
involved prominently in the fast induction of
MMP-2, -3, and -13 by bFGF.

ANIMAL MODELS

MMP activation has been assessed in a variety of
animal models of arthritis to gain an insight into
the sequence of events leading to degeneration
of articular cartilage. The increased catabolism
of the cartilage proteoglycan aggrecan is a prin-
cipal pathological process which leads to the
degeneration of articular cartilage in arthritic
joint diseases. The consequent loss of sulphated
glycosaminoglycans (GAGs), which are intrinsic
components of the aggrecan molecule, compro-
mises both the functional and structural integrity
of the cartilage matrix and ultimately renders
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the tissue incapable of resisting the compressive
loads applied during joint articulation. Over
time, this process leads to irreversible cartilage
erosion. In situ degradation of aggrecan is a pro-
teolytic process involving cleavage at specific
peptide bonds located within the core protein.
Studies on collagen-induced arthritis (CIA) and
antigen-induced arthritis (AIA) have clearly
established that aggrecanases, which belong to
the ADAMTS protein family (ADAMTS-4 and 
-5), are primarily responsible for the catabolism
and loss of aggrecan from articular cartilage in
the early stages of arthritic joint diseases that
precede overt collagen catabolism and disrup-
tion of the tissue integrity.38 Cleavage of aggre-
can by aggrecanases leads to the formation of
specific neoepitopes (NITEGEs), which are fin-
gerprints for the action of aggrecanase. NITEGE
neoepitopes can be stained in the cartilage of
arthritic mice, appear early in the course of dis-
ease, and indicate a progressive loss of GAGs.
The typical morphological result is the inability
of articular cartilage to retain dyes like toluidine
blue or safranin O, which bind to GAGs. Whereas
the loss of GAGs due to aggrecanase cleavage is
reversible, later steps of cartilage damage are
irreversible. MMPs (especially MMP-1, -3, and 
-13) govern the cleavage of collagen type II,
which is the major matrix constituent of cartilage,
and collagen type IX, which provides a link
between collagen type II fibrils and GAGs.39

When the collagen fibrils are lost, the cartilage

has no effective way to retain GAGs, thus leading
to irreversible damage of cartilage. Furthermore,
MMPs also cleave the remaining aggrecan mole-
cules at specific sites, leading to formation of
neoepitopes (such as VDIPEN), which differ
from that induced by aggrecanases. Studies with
MMP-3−/− mice have confirmed these data,
showing a lack of cartilage erosion as well as 
no formation of collagen type II or VDIPEN
neoepitopes.39 However, the loss of GAGs was
still evident in MMP-3−/− mice, underlining the
action of aggrecanases. Thus, the expression and
activation of MMPs seems to be a fateful event in
irreversible damage of cartilage. Animal models
of arthritis, such as AIA, have also demonstrated
an early up-regulation of crucial MMPs, MMP-1,
-3, and -13, in the course of disease.40,41 MMPs
are produced from synovial cells invading carti-
lage and bone (fibroblasts, macrophages, osteo-
clasts) as well from chondrocytes lying adjacent
but not distant from cartilage and bone ero-
sions42 (G. Schett, unpublished observations)
(Figure 28.1). This suggests that cytokines syn-
thesized by synovial cells induce a change of the
expression pattern of chondrocyte proteins,
shifting it from matrix synthesis to matrix degra-
dation. Furthermore, animal models of arthritis
have taught that latent MMP expression is even
found in resting phases of disease, thus entailing
a more rapid activation of MMPs leading to 
a faster and more severe cartilage resorption 
in flares of disease than in its primary onset.41

356 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

Figure 28.1 MMPs and TIMPs are expressed by chondrocytes and pannocytes at the site of bone and cartilage destruction.

Microphotographs show the junction zone between pannus, cartilage, and bone of paw sections from TNF transgenic mice. Sections

were stained for MMP-3, TIMP-1, and MMP-9 (dark colors). MMPs and TIMP are abundantly expressed by cells of the synovial mem-

brane, the invading inflammatory synovial tissue, and adjacent cartilage.

MMP-1 MMP-9TIMP-1
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The role of overexpression of MMPs in cartilage
resorption is also highlighted by mice transgenic
for MMP-13, which develop severe cartilage
damage.43 However, knockout models of MMP
have also shown that some MMPs are not crucial
for soft tissue remodeling including cartilage
resorption (MMP-2−/− mice)44 and others may
even have a key regulatory role, like MT1-MMP
(MMP-14), since the knockout mice develop
arthritis.45

Interesting data have come also from the
SCID mouse co-implantation model of RA,
where synovial fibroblasts (SFs) are implanted
together with normal human articular cartilage
into severe combined immunodeficient (SCID)
mice (Figure 28.2). Due to their lack of a func-
tional immune system, SCID mice do not reject
the human implants and allow the study of the
interactions of fibroblasts and cartilage. It has
been shown in a number of studies, that in the
SCID mouse model, RA synovial fibroblasts
(RA-SFs) attach to the co-implanted cartilage
and deeply invade the cartilage matrix,46,47 while
normal SFs, osteoarthritis (OA) SFs, or dermal
fibroblasts do not show such invasion. Of note,
this experimental approach investigates the
behavior of RA-SFs in the absence of human
inflammatory cells. Therefore, the differences
between RA-SFs, OA-SFs, and normal SFs have
been taken as evidence for the stable, intrinsic
activation of RA-SFs. It has been understood that
apart from different proinflammatory cytokines,
internal, cytokine-independent pathways con-
tribute to the increased expression of MMPs and
that overexpression of MMPs is associated
closely with the activated phenotype of RA-
SFs.48 Conversely, inhibition of signaling path-
ways that are activated in RA-SFs and result in
the up-regulation of MMPs can reduce the inva-
sion into the cartilage. Thus, inhibition of MAPK
signaling through the delivery of dominant neg-
ative mutants of c-Raf-1 decreases the invasive-
ness of RA-SFs in the SCID mouse model. This is
due to reduced phosphorylation of c-Jun and
subsequent lower expression of MMP-1 and
MMP-13.49 Unfortunately, there has been no
exact estimate as to how individual MMPs con-
tribute to the invasiveness of RA-SFs. This lack
of understanding has been one major obstacle to
developing specific strategies for the inhibition

of MMPs. Although data from the aforemen-
tioned MMP knockout mice indicate the particu-
lar importance of some MMPs, these models are
limited by their purely immunological nature. In
addition, they have demonstrated a great over-
lap between different MMP family members. In
this context, the SCID mouse model offers the
opportunity to selectively inhibit single MMPs
or MMP activation pathways in human RA-SFs
and to assess their effects on the invasiveness of
these cells. In this context, inhibition of plasmin –
one major activator of MMPs – reduces the 
invasion of RA-SFs by about 30%.50 Conversely,
overexpression of TIMPs in RA-SFs through
adenoviral gene transfer resulted in a 50% inva-
sion compared with control fibroblasts.51 Other
studies analyzing the role of individual MMPs in
the SCID mouse model are under way and will
provide more detailed insights into the con-
certed action of MMP family members in
rheumatoid joint destruction. First data from
such analyses indicate that in the SCID mouse
model of rheumatoid cartilage destruction, 
inhibition of a single MMP, such as MMP-1 or
MT1-MMP, may reduce the invasion of RA-SFs
by about 40%.52,53

EXPRESSION OF MMPs IN RA

MMPs are expressed abundantly in the RA syn-
ovium, and there have been a number of studies
correlating the expression levels of MMPs and
their tissue distribution to synovial inflamma-
tion and joint destruction. In line with cell cul-
ture studies and SCID mouse experiments,
RA-SFs in the lining layer constitute the major
source of MMPs, underlining their role in the
destruction of articular cartilage in RA. Also,
there is growing evidence that in addition to the
absolute levels of MMPs, the ratio of MMPs to
their naturally occurring inhibitors, the TIMPs,
is of importance for joint destruction to occur.54

MMP-1 (interstitial collagenase, collagenase 1)
belongs to the major enzymes in the rheumatoid
synovium. It is found in all RA patients but only
in about 55–80% of trauma samples.55 Synovial
lining cells produce most MMP-1 in the diseased
synovium, and MMP-1 is released from these cells
immediately after production.56 Consequently, 
the expression of MMP-1 in the synovial fluid
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correlates positively with the degree of synovial
inflammation.57 However, it appears that serum
concentrations of MMP-1 do not reflect the
levels in the synovial fluids and, therefore, meas-
uring serum MMP-1 has not been proven as a
marker for disease activity.

As mentioned before, MMP-2 (gelatinase A) is
expressed constitutively in synovial tissues from
RA as well as from OA and trauma patients, but
several studies have shown increased expression
of MMP-2 in the rheumatoid synovium.55 This is
also true for the second member of the gelatinase
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Figure 28.2 SCID mouse co-implantation model of rheumatoid arthritis (RA). Synovial fibroblasts (SFs) were isolated from RA patients

(RA-SFs) or non-arthritic patients undergoing leg amputation (normal SFs). Human cartilage was obtained from cardiac surgery (rib

cartilage) or non-arthritic amputations (knee cartilage). SFs and cartilage were first inserted into a cavity of inert sterile gel sponge

and then co-implanted in a pocket of the surgically opened renal capsule. Sixty days after implantation 

histological analysis revealed cartilage invasion by RA-SFs (left) but not normal SFs (right).

Synovial fibroblasts

Sponge

Cartilage

SCID mouse

60 days

RA synovial fibroblasts Normal synovial fibroblasts
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family, MMP-9 (gelatinase B). MMP-9 can be
found at elevated levels in the sera and synovial
fluids of RA patients compared with healthy
controls,58,59 and both SFs and macrophages of
the RA synovium express MMP-9. Another
source of MMP-9 in the synovium is mast cells,
which express MMP-9 upon challenge with pro-
inflammatory cytokines such as TNF and IL-1.60

Analyzing the expression of MMP-9 in the syn-
ovial fluid of patients with RA, OA, and other
inflammatory arthritides, Ahrens et al. found an
association between increased levels of MMP-9
and inflammatory arthritis.59 These data are of
interest, because MMP-9 has also been found in
osteoclasts and implicated in the resorption of
bone.61 Despite the potential of synovial
macrophages to differentiate into bone resorb-
ing, osteoclast-like cells, it is not clear how the
expression pattern of MMP-9 correlates with
erosions in RA.

Due to its specific properties, MMP-3 plays an
important role in the degradation of cartilage
matrix, and early reports in the 1980s demon-
strated that active MMP-1, -2, and -3 can
together destroy a number of structural proteins
in the synovium.62 MMP-3 has been assigned a
key role in the destruction of rheumatoid joints
because it not only degrades ECM molecules but
is also involved in the activation of pro-MMPs
into their active forms. It is produced abun-
dantly by RA-SFs when stimulated with
macrophage-conditioned medium63 and again,
RA-SFs in the lining layer are the cells that pre-
dominantly express MMP-3 in the RA syn-
ovium64 Of interest, there is evidence that the
hypoxic environment in the RA synovial mem-
brane increases the expression of MMP-1 and
also MMP-3, thus contributing directly to the
destructive process.65 Synovial fluids from
patients with RA show about 100-fold higher
concentrations of active MMP-3 than control
samples.66 Interestingly, increased levels of
MMP-3 are also found in the sera of patients
with RA67–71 and correlate with systemic inflam-
mation at clinical69,71 and serological68,70,71 levels.
However, the question as to whether increased
levels of circulating MMP-3 reflect radiological
damage has been discussed controversially. No
correlation between serum MMP-3 and radio-
logical or functional scores was seen in the study

by Manicourt et al.70 So et al. failed to establish
differences in the serum levels of MMP-3
between RA patients with long-standing RA
(> 5 years) that had low or high erosion scores.68

In contrast, Yamanaka et al. reported recently that
serum MMP-3 was a predictor of joint damage at
early stages of disease.72 At the moment, it can
be concluded that the serum levels of MMP-3 at
least to a certain degree reflect synovial inflam-
mation and as such may correlate with ongoing
joint destruction rather than past damage.

Most other MMPs have also been demon-
strated in the RA synovium and particularly in
RA-SFs. Among these, MMP-8, which had been
described exclusively in polymorphonuclear
neutrophils, is also expressed by RA-SFs,73 and
this observation was made not only in vivo but
also in fibroblast cell cultures under in vitro
conditions.

MMP-13 (collagenase 3) has been implicated
most prominently in cartilage destruction in RA.
Using degenerate primers that corresponded to
highly conserved regions of the MMP gene
family, Wernicke et al. cloned MMP-13 from the
synovium of patients with RA,74 and subsequent
studies demonstrated the expression of MMP-13,
particularly in SFs but also in macrophages in
the lining layer of rheumatoid synovium.75 Due
to this localization and its substrate specificity
for collagen type II, MMP-13 plays an important
role in joint destruction. Of interest, expression
of MMP-13 correlates with elevated levels of sys-
temic inflammation markers76 but studies in OA
demonstrated clearly that the expression of
MMP-13 is not specific for RA. Rather, it appears
that MMP-13 is associated closely with degener-
ation of cartilage in different pathologies.

MT-MMPs are also expressed abundantly in
cells aggressively destroying cartilage and bone
in RA.77 Although MT1-MMP is expressed con-
stitutively in RA-SFs, elevated levels have been
found in RA. This is of importance, because
MT1-MMP degrades ECM components and also
activates other disease-relevant MMPs such as
MMP-2 and MMP-13. In a recent study that com-
pared the expression of MT-MMPs in RA, we
suggested that MT1-MMP is of particular rele-
vance to RA.77 In this analysis, the expression of
MT3-MMP mRNA was seen in fibroblasts and
some macrophages, particularly in the lining
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layer, but expression of MT2- and MT4-MMP
was characterized by a scattered staining of only
a few CD68-negative fibroblasts.

Collectively, all MMPs that have been asso-
ciated with the remodeling of connective tissue
as well as inflammatory processes can be
found at elevated levels in the rheumatoid syn-
ovium. Although it appears that certain metal-
loproteinases (MMP-1, -3, -13, together with
MT1- and MT3-MMP, and aggrecanases) may
contribute most significantly to the destruction
of articular cartilage, no specific pattern of
MMP expression has been found for RA.
Specifically, the relation of disease-induced
MMP activity to normal expression in different
tissues including the synovium needs to be
established. A more detailed understanding of
natural MMP inhibitors and metalloproteinase
functions that are distinct from matrix degra-
dation will help to develop disease-specific
inhibitors for RA.

MMPs AS THERAPEUTIC TARGETS

Based on these data, a number of strategies have
been considered to interfere with the expression
and activation of MMPs in the rheumatoid joint
(Table 28.2).

The understanding that inflammatory stimuli
contribute to the up-regulation of MMPs in the
rheumatoid synovium has resulted in several
studies investigating the potential of anti-
inflammatory and disease-modifying therapies
to inhibit MMPs in the RA synovium. It was
shown that by decreasing synovial inflammation
drugs such as methotrexate or leflunomide also
affect the production of MMPs and result in
decreased levels of MMP-1.78 Therefore, the retar-
dation of radiological disease progression as
seen with some of these disease-modifying anti-
rheumatic drugs (DMARDs) may be attributed
to decreased levels of MMPs. This notion is also
supported by recent advances in the treatment of
RA that have come from the use of biologic agents.
The use of TNF-α inhibitors such as monoclonal
antibodies (mAbs) has not only offered new per-
spectives to treat inflammation, but first data
suggest that they retard at least to a certain degree
radiological damage. In this context, Brennan 
et al. demonstrated that serum levels of MMP-1

and MMP-3 decrease following treatment with
anti-TNF-α agents.79,80

Among available drugs, tetracyclines have
been shown to have anti-collagenolytic effects
that are due to different mechanisms, among
them inhibition of MMP-1 as well as prevention
of MMP activation.81 Based on this understand-
ing, some clinical trials have been initiated that
aimed to use such drugs for the treatment of RA.
Nordstrom et al. reported that a 3-month treat-
ment of RA patients with daily 150 mg doxycy-
cline has anti-collagenolytic effects.82 This effect
is not necessarily related to the antimicrobial
activity of tetracyclines, as there are a number of
modified tetracyclines that are not antimicrobial
but still inhibit MMPs. However, their efficacy is
far less than what can be achieved with specific
inhibitors of MMPs.

Based on our advanced understanding of
MMP structures, small molecular weight phar-
macological compounds have been developed
by nearly all major pharmaceutical companies as
well as research institutes (for a comprehensive
review of their characteristics, pharmacological
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Table 28.2 Current strategies to inhibit 
MMPs in RA

Agents

Anti-inflammatory treatment
DMARDs (e.g. methotrexate, leflunomide)
Biologicals (e.g. infliximab, etanercept)

Tetracyclines
Antimicrobially effective tetracyclins (e.g., doxycycline)
Chemically modified teracyclines (not antimicrobial)

Specific, pharmacological MMP inhibitors
Substrate (peptide) inhibitor with alternative chelators
Non-peptide inhibitors (e.g. sulfone-hydroxamates, 

biaryl keto-acids)

Gene transfer
Delivery of naturally occurring inhibitors (TIMP-1, TIMP-3)
Generation of artificial inhibitors of MMP activation 

(ATF.BPTI)
Antisense constructs (αS ODNs, αS expression 

constructs, ribozymes)

DMARDs, disease-modifying anti-rheumatic drugs; TIMP, tissue
inhibitor of metalloproteinases; ODN, oligonucleotide.
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properties, and development see Skotnicki et al.83).
According to their structures, two strategies can
be distinguished as follows. Early but continu-
ing efforts have started out from the structure of
MMP substrates and resulted in the development
of peptide and peptide-like MMP inhibitors that
contained alternative chelators such as
aminocarboxylates, carboxylic acids, thiol
amides, and others. Alternatively, non-peptide
inhibitors of MMPs have been synthesized since
Novartis disclosed its substance CGS 23161
in.1994 CGS 23161 is rather specific for MMP-3
(Ki 71 nM) and has served as a lead substance for
the development of a number of sulfonamide-
hydroxamates and derivatives.83,84 Both peptide
and non-peptide inhibitors of MMPs are being
developed continuously, and a number of com-
pounds have been used in animal models of
arthritis or have even entered early phase clini-
cal studies. Thus, the peptide-type broad-spec-
trum MMP inhibitors, BB-2516 (marimastat) and
BB-94 (batimastat), have been evaluated for
arthritis. Batimastat was demonstrated to have
favorable effects in adjuvant arthritis85 but was
not followed further due to its poor bioavail-
ability. Marimastat, which that was tested in
parallel in patients with advanced cancers,86–88

had much better pharmacokinetic properties.
However, as seen in the cancer studies, marima-
stat had major musculoskeletal side effects, with
muscular pain, stiffness, and even inflammatory
polyarthritis.89,90 Notably, such musculoskeletal
symptoms have also been observed with other
MMP inhibitors, but their cause remains unclear.
Specifically, it has not been clarified whether
these side effects are due to MMP inhibition or
are caused by common but non-MMP-specific
features of MMP inhibitors. It has been suggested
that the musculoskeletal side effects are related to
the inhibition of MMP-1, but this hypothesis has
not been proven so far. Nonetheless, more selec-
tive MMP inhibitors have been tested for arthri-
tis, such as RS-130830 (Roche Bioscience),83 that
inhibits MMP-13 much more effectively than
MMP-1, and several non-peptide inhibitors with
different specificities have been developed.
Although the focus appears to shift from inflam-
matory arthritis to a potential application in OA,
nearly all MMP inhibitors are tested for their effi-
cacy in animal or in vitro models of RA.

In terms of clinical applications, the Roche
compound, Ro 32–3555l (Trocade), has become
most advanced.91,92 Trocade predominantly
inhibits collagenases (MMP-1, MMP-3, and
MMP-13) and has demonstrated its efficacy in
different in vitro and in vivo models of cartilage
degradation. However, no significant effects
were seen in animal models of inflammatory
arthritis and early clinical data suggest that the
progression of joint damage was not prevented.91

Despite good initial data on tolerability over
short periods of time,92 long-term data from clin-
ical trials have been less favorable. So far, no
MMP inhibitor has made its way into the clinic,
clearly illustrating the problem: although a mul-
titude of pharmacological agents have been
developed that inhibit MMPs with even picomo-
lar efficacy, there seem to be conceptual difficul-
ties with their application in RA93 In this context,
it also appears interesting to explore the effect of
MMP inhibition on apoptosis in more detail.

Consequently, alternative strategies have
been worked out that focus on the specific mod-
ulation of MMP activity through interfering with
both expression and activation of MMPs.
Among them, gene transfer has become one tool
that allows blockage of distinct steps of MMP
action in a highly selective manner.94 Specific
inhibition of MMPs has been associated mainly
with three strategies (Table 28.2): (i) the delivery
of naturally occurring inhibitors of MMPs
(TIMPs), (ii) the design and delivery of novel
inhibitory molecules or modifications of natu-
rally occurring inhibitors, and (iii) targeting the
mRNA of MMPs through different antisense
strategies.

As mentioned, MMP activity is balanced by
natural inhibitors (TIMPs), but in RA the amount
of MMPs produced outweighs that of the TIMPs.
Therefore, it has been suggested that the deliv-
ery of functional genes for TIMPs may ‘correct’
for this dysbalance and result in a decrease of
matrix degradation. Although initial studies by
Apparailly et al95 failed to demonstrate a signifi-
cant effect of TIMP-1 gene transfer in DBA/1
mice with CIA, most recent studies in both the
TNF-α transgenic animal models of RA33 and the
SCID mouse model have shown that delivery of
TIMP-1 may have beneficial effects on the dest-
ruction of cartilage.51 Most recently, TIMP-3 has

MATRIX METALLOPROTEINASES 361

9781841844848-Ch28  8/9/07  3:32 PM  Page 361



become of particular interest among the TIMPs.
This is because in addition to inhibiting MMPs,
TIMP-3 has been associated with a number of fea-
tures that are distinct from other TIMPs. It binds to
extracellular matrix, also inhibits MT-MMPs and
ADAMs, and has the ability to induce apoptosis
in different cell types. With respect to RA, it has
been shown that overexpression of TIMP-3
reduces the invasiveness of RA-SFs in vitro and
in vivo.51 In addition, it was shown recently that
TIMP-3 not only induces apoptosis but also
modulates the apoptosis-inhibiting effects of
TNF-α in RA-SFs.96

As an alternative approach, genes for artificial
inhibitors of MMP activation can be delivered to
the rheumatoid synovium. Thus, it has been pro-
posed that delivery of a gene for a hybrid pro-
tein targeting plasmin on the surface of RA-SFs
may reduce their invasive potential.50 This is
based on the aforementioned understanding
that components of the plasminogen activation
system are expressed at significantly higher levels
in RA than in osteoarthritic and non-arthritic
synovium. Therefore, a protein was constructed
that consisted of the plasmin inhibitor, bovine
pancreatic trypsin inhibitor (BPTI), linked to 
the receptor-binding aminoterminal fragment
(ATF) of urokinase-type plasminogen activator.
Adenoviral delivery of the respective gene into
RA-SFs resulted in a significant reduction of car-
tilage degradation in vitro and in the SCID
mouse model.50 Although cartilage destruction
was reduced to about 88% in vitro, cartilage
degradation in vivo was reduced by only 30% in
the ATF.BTPI transduced fibroblasts. These
results indicate a role of plasmin in SF-dependent
cartilage degradation and invasion in RA and
demonstrate an effective way to inhibit this by
gene transfer of a cell surface-targeted plasmin
inhibitor. However, these data also demonstrate
the limitations of in vitro assays for evaluating
inhibitors of matrix degradation in favor of
humanized animal models (i.e. SCID mice).

Finally, several strategies have been devel-
oped that are aimed at modulating the terminal
phase of MMP expression by cleaving the
mRNA for these enzymes.94 This can be achieved
by different antisense strategies such as anti-
sense oligonucleotides (ODNs), the delivery53

and expression of antisense expression constructs,

and through ribozymes. Ribozymes are RNA
molecules that – like antisense RNA – bind to
complementary mRNA but in addition are able
to cleave RNA site-specifically. Such ribozymes
can be used to destroy messages inside cells.
RA-SFs that express ribozymes cleaving colla-
genase will, therefore, produce no or only lim-
ited amounts of this enzyme. The usefulness of
this mode to reduce the invasiveness of RA-SFs
has been evaluated recently.52 The failure of
numerous MMP inhibitors in the past97 and the
discovery of novel protease substrates, includ-
ing MMP substrates such as chemokines 
and cytokines (substrates of MT1-MMP and
MMP-298) have resulted in novel strategies to
inhibit MMPs. In this regard, for example, the
thiirane inhibitors are currently beeing explored.99

A more complete assessment of future
prospects in the field can be found in a recent
review by Turk.100
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INTRODUCTION

Degradation of cartilage matrix impairs joint
function and is a common feature of rheumatoid
arthritis (RA) and osteoarthritis (OA), although
the etiology of the two diseases is different. The
cartilage consists of a relatively small number of
chondrocytes and abundant extracellular matrix
(ECM) components, of which about 40–45% are
aggregated proteoglycans, aggrecans, and a sim-
ilar amount of type II collagen. The type II colla-
gen forms a fibrillar network, together with type
IX and XI collagens, which provides the tissue
with tensile strength. Aggrecans present within
this meshwork are highly hydrated due to the
anionic property of chondroitin sulfate and ker-
atan sulfate polysaccharide chains attached to
the core protein, and this property is important
for the tissue to withstand compressive forces.
During the progression of RA and OA, degrada-
tion of aggrecan occurs initially, followed by the
degradation of collagen fibrils. These two events
are effected by elevated metalloproteinase activ-
ities, which arise primarily from proliferative
synovial tissues in RA and from cartilage in OA.
The predominant metalloproteinases involved
in cartilage degradation are the matrix metallo-
proteinases (MMPs) and the metalloproteinases

with disintegrin and thrombospondin domains
(ADAMTSs). In addition, the metalloproteinases
with disintegrin domains (ADAMs) that cleave
and release cell surface cytokines, growth factors
and their receptors also play key roles in inflam-
mation and subsequent tissue destruction. A
number of reviews have described the impor-
tance of MMPs in arthritis and their inhibitor
development as potential therapeutics.1–3 In this
review, we briefly introduce the members of the
MMP family, but the main focus is to describe
the roles of ADAMTSs and ADAMs in joint
destruction and current approaches to interven-
ing in arthritic diseases by developing metallo-
proteinase inhibitors.

THE MMP FAMILY AND METZINCINS

There are 24 MMP genes in the human genome,
but there are 23 MMP proteins, since MMP-23 is
coded for by two identical genes on chromo-
some 1. The MMPs are also collectively called
‘matrixins’. All matrixins have a signal peptide
and a propeptide domain and a catalytic metal-
loproteinase domain, and many have a C-terminal
hemopexin domain, with the exception of 
MMP-7, MMP-23, and MMP-26 (Figure 29.1).
Gelatinases (MMP-2 and MMP-9) have three
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repeats of fibronectin type II motifs inserted in
the catalytic domain, whose interaction with colla-
gen and other ECM molecules influences enzyme
activities. The catalytic domains of MMPs have
the zinc binding motif HEXXHXXGXXH where
three histidines bind to the catalytic zinc atom.
The C-terminal hemopexin (Hpx) domains in
MMPs are important for some members to
express biological activities, e.g. for collagenases
to cleave triple helical collagen,4 and for MT1-
MMP (MMP-14) to assume a dimeric form on
the cell surface which is crucial for its biological
activities, including the activation of pro-MMP-2,
cell migration, and collagenolysis.5 Most MMPs
are secreted from the cell as inactive pro-enzymes,
but six are plasma membrane-anchored MT-
MMPs (four are type I transmembrane type 
harboring a cytosolic domain and two have a
glycosidic phosphatidyl inositol anchor). Pro-
enzymes secreted from the cell need to be 
activated by tissue or plasma proteinases or 
by oxidants. Ten pro-MMPs including six MT-
MMPs have a pro-protein convertase susceptible
sequence at the junction between the pro-peptide
and the catalytic domain and they are likely to
be activated intracellularly by furin or a related
pro-protein convertase. MMPs have been char-
acterized with respect to their abilities to cleave
ECM components, but recent studies showed
that they can also act on cytokines, chemokines,
growth factors, growth factor binding proteins,
proteinase inhibitors, cell surface adhesion mol-
ecules, and receptors to regulate their biological
activities.6 MMP activities are inhibited by endo-
genous inhibitors called TIMPs (tissue inhibitors
of metalloproteinases). The human genome
encodes four TIMPs that can inhibit all MMPs so
far tested, with the exception that TIMP-1 is a
poor inhibitor of MMP-14 (MTI-MMP), MMP-15
(MT2-MMP), MMP-16 (MT3-MMP), MMP-24
(MT5-MMP), and MMP-19.7

ADAMs and ADAMTSs are sometimes mis-
taken for a subgroup of MMPs, but the primary
structures of catalytic domains of MMPs are dif-
ferent from those of ADAMs and ADAMTSs.
The latter two are related to snake venom metal-
loproteinases, reprolysins. The MEROPS data-
base (http:www.merops.sanger.ac.uk/) classifies
the MMPs as in the M10 family of metallo-
proteinases and ADAMs and ADAMTSs in the

M12 family. Crystal structures of MMPs, a cray-
fish metalloproteinase astacin, snake venom
reprolysins, and a bacterial metalloproteinase
serralysin all revealed the conserved zinc-bind-
ing motif HEXXHXXGXXH and the ‘Met-turn’
located after the zinc-binding motif. The latter
methionine forms a base to create the active site
for these metalloproteinases. These enzyme fam-
ilies are collectively called ‘metzincins’ 8 and all
ADAMTSs and ADAMs contain these two
motifs. It is notable, however, that amino acid
sequences among these metalloproteinase fami-
lies are not related to each other, but their pep-
tide folds in three dimensions show similarity.9

All synthetic inhibitors of MMPs are targeted to
the active site of the metalloproteinase domain
as discussed below.

MMPs IN ARTHRITIS

MMP activities are not readily detected in the
normal steady-state tissues, but their production
is transcriptionally regulated by cytokines, growth
factors, physical stimuli, etc. Thus, MMPs have a
functional role regulating both physiological
demands and pathological stimuli. Induction of
MMPs by interleukin (IL)-1, tumor necrosis
factor (TNF)-α, the combination of oncostatin M
and IL-1, IL-17, IL-18 in synovial cells or chon-
drocytes suggests their involvement in inflam-
mation-driven tissue destruction.3 OA cartilage
expresses elevated MMP-1, MMP-3, and MMP-
13.10,11 Injurious mechanical insult to cartilage
increases the level of MMP-3 and ADAMTS-5.12

Proteolytic products of ECM such as fibronectin
fragments can also stimulate the production of
MMPs.13–15 As listed in Table 29.1, MMPs are able
to cleave a number of ECM components of carti-
lage. MMPs cleave aggrecan at the Glu341-Phe342

bond in the so-called interglobular domain
(IGD) located between the N-terminal G1 and
G2 domains. MMP-generated G1-VDIPEN341

fragments of aggrecan are found in RA and OA
cartilage.16,17 Collagenases degrade type II colla-
gen fibrils and specific collagenase-generated
fragments are also detected in RA and OA carti-
lage.18 Potential candidate enzymes are MMP-1
and MMP-13 in interterritorial collagenolysis and
MMP-2 and MMP-14 in pericellular collagenoly-
sis. Prevention of cartilage and bone destruction
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in animal models of RA and OA by synthetic
MMP inhibitors19–21 also indicates that MMPs play
a key role in joint destruction. However, it is still
unclear which MMPs are key enzymes for carti-
lage destruction in humans.

ADAMTSs

The treatment of cartilage in culture with proin-
flammatory cytokines such as IL-1 or TNF-α
resulted in the cleavage of aggrecan core protein
at the Glu373-Ala374 bond in the IGD,22 which is
not normally cleaved by MMPs. The findings of
some studies23,24 suggested that this enzymatic
activity was important in aggrecanolysis in
arthritis. This enzymic activity was referred to as
‘aggrecanases’ and the first two enzymes were
identified as ADAMTS-4 (aggrecanase 1) and
ADAMTS-5 (aggrecanase 2).25,26

There are 19 ADAMTS genes in humans and
they are all multi-domain proteins.27 A first
ADAMTS was reported in 1997 by Kuno et al.28

in cachetic carcinoma cells. It is a secreted metal-
loproteinase whose gene encodes a signal peptide,
a large pro-peptide domain, a metalloproteinase
domain, a disintegrin domain, a thrombospondin
type I (TS) domain, a cysteine-rich domain, a
spacer domain, and two additional throm-
bospondin type I domains (Figure 29.1). The met-
alloproteinase domain and disintegrin domains
are related to those of ADAMs, but TS domains
are unique. Thus the name ADAMTS (ADAMs
with thrombospondin motif) was coined.

A second enzyme cloned was ADAMTS-2,
which processes the N-pro-peptide of pro-colla-
gens I, II, and III.29 Subsequently, ADAMTS-330

and ADAMTS-1431 have been shown to have
pro-collagen N-proteinase activity. Those enzymes
have a unique PNP (pro-collagen N-proteinase)
domain in the C-terminus (Figure 29.1). The activ-
ities of ADAMTS-2 are negatively regulated by
the PNP domain but the C-terminal TS domains
are required for the full enzyme activity.32

Since ADAMTS-4 and -5 were designated as
aggrecanase 1 and 2, respectively, ADAMTS-1, 
-8, -9, -15, -17, and -1827,33 have been reported to
cleave the Glu373-Ala374 bond of aggrecan.
Among them, ADAMTS-4 is biochemically the
most well characterized. An interesting property
is that the metalloproteinase domain alone does

not exhibit any aggrecanolytic activity, and full-
length ADAMTS-4 is most active on aggrecan,
suggesting that non-catalytic domains play an
important role in determining aggrecanolytic
activity. However, the activity of full-length
ADAMTS-4 is primarily on the chondroitin sul-
fate-rich region of the aggrecan core protein (B,
C, D, E sites in Figure 29.2), but not on the Glu373-
Ala374 bond.34 When the C-terminal spacer
domain is removed by MT4-MMP on the chon-
drocyte surface,35 ADAMTS-4 gains the activity
to cleave the Glu373-Ala374 bond in the IGD. This
form also can digest non-aggrecan substrates
such as fibromodulin, decorin, and biglycan, and
a general protein substrate, S-carboxymethylated
transferrin.34 Such changes of activity due to 
C-terminal processing are accompanied by
changes in the extracellular localization of the
enzyme. Full-length ADAMTS-4 binds to cell
surface proteoglycans and pericellular matrix,
but the spacer domain-deleted ADAMTS-4 does
not,34 and can potentially diffuse away from the
pericellular region into the interterritorial area of
the cartilage. ADAMTS-5 cleaves similar sites of
the aggrecan core protein to ADAMTS-4,36 but
ADAMTS-5 is a far more potent aggrecan-
degrading enzyme than ADAMTS-4 and the
ancillary non-catalytic domains also influence its
activity greatly (C. Gendron and H. Nagase,
unpublished observations). Other ADAMTSs
exhibit much lower activities than these two
aggrecanases.33,37

Another well studied ADAMTS is ADAMTS-
13, which cleaves unusually large multimeric
forms of von Willebrand factor under shear stress.
This activity is crucial for the prevention of
unnecessary platelet aggregation in capillaries.38

ADAMTS-13 has two CUB (complement C1r/
C1s-urchin epidermal growth factor-bone mor-
phogenetic protein-1) domains in the C-terminus.
The first CUB domain interacts with multimeric
von Willebrand factor 39 and the spacer domain is
important for the cleavage of the substrate.40

TIMPs are not the inhibitors of ADAMTSs in
general, but TIMP-3, which is largely an ECM-
bound protein, inhibits ADAMTS-1, -4, and -5.
ADAMTS-2 is weakly inhibited by TIMP-3 but
the affinity is enhanced in the presence of
heparin, suggesting that TIMP-3 is a possible
regulator of the enzyme in the tissue.41
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BIOLOGICAL AND PATHOLOGICAL 
FUNCTIONS OF ADAMTSs

ADAMTS-1 null mice display abnormal mor-
phogenesis of kidney, ureteric ducts, and adre-
nal glands and defects in ovulation, indicating
that the enzyme plays a critical role in develop-
ment and reproduction.42 ADAMTS-1 also has
anti-angiogenic activity and this activity is
derived from binding of the two C-terminal TS
domains to vascular endothelial growth factor
(VEGF)-165.43 Although ADAMTS-8 also has
anti-angiogenic activity,44 the mechanism has
not been elucidated. Mutations of ADAMTS-2
cause dermatosparaxis in cattle and Ehlers–
Danlos syndrome VIIC in humans, an autosomal
recessive disorder with skin fragility and joint
laxity.45 ADAMTS-2-null mice, which are essen-
tially normal at birth, developed skin fragility in
1–2 months and the male mice were sterile,
although the females are normal in fertility.46

Reduced activity of ADAMTS-13 due to either
mutation or generation of autoantibodies against
ADAMTS-13 is a cause of thrombotic thrombocy-
topenic purpura (TPP), characterized by severe
anemia, renal failure, and neurological disorder

caused by formation of platelet-rich thrombi in
capillaries.47 There are a number of ADAMTSs
whose substrates and biological functions are
currently unknown (Table 29.2).

ADAMTSs IN ARTHRITIS

The role of ADAMTSs in arthritis is considered
to be their participation in catabolism of aggre-
can and possibly other ECM molecules in carti-
lage. The treatment of human cartilage with IL-1
or TNF-α increases aggrecanase activity, but it
has no effect on mRNA levels for ADAMTS-1, -4,
and -5.48 mRNA levels for ADAMTS-4 and
ADAMTS-5 in OA cartilage are not significantly
elevated compared to that in normal cartilage,49

but ADAMTS-5 mRNA levels are higher than
ADAMTS-4 mRNA.11 Treatment of human chon-
drocytes in culture with IL-1β induced ADAMTS-4
mRNA, but did not alter the levels of ADAMTS-5
mRNA.11 Nonetheless, an increase in the aggrecan
fragments generated by aggrecanases is found in
RA and OA cartilage and in synovial fluids, sug-
gesting that ADAMTSs are important enzymes 
in aggrecanolysis. ADAMTS-4-null mice and
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of aggrecanase and MMP, respectively.
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ADAMTS-5-null mice show no obvious abnor-
mality, but when challenged either via surgically
induced joint instability50,51 or antigen-induced
arthritis (AIA),52 the degradation of aggrecan in
the cartilage of ADAMTS-5-null mice was pro-
tected, but not that of ADAMTS-4-null mice,
indicating that ADAMTS-5 is a major aggrecan-
degrading enzyme in cartilage, at least in mice.
Whether ADAMTS-5 is a key aggrecanase in the
development of human OA will only be deter-
mined by further investigation.

While the importance of aggrecanases in
aggrecanolysis is well recognized, aggrecan can
be degraded by MMPs as well as ADAMTSs
(Figure 29.2). Using neoepitope antibodies 
that detect either MMP-cleaved fragments or
ADAMTS-cleaved fragments, Lark et al.53 showed
that both RA and OA cartilages contain aggrecan
fragments generated by MMPs (G1-NITEGE373)
and ADAMTSs (G1-VDIPEN341). Recent studies
by Struglics et al.17 confirm these observations in
OA cartilage and suggest that MMP-mediated
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Table 29.2 ADAMTSs

Potential functions Expression Substrates

ADAMTS-1 Organ morphogenesis (kidney, Urinary epithelium, ovary, muscle, Aggrecan, versican,
adrenal glands, urinary tract, kidney, many other tissues α2-macroglobulin
female reproductive organs),
anti-angiogenesis

ADAMTS-2 Pro-collagen N-pro-peptide Skin, uterus, arteries, fibroblasts Pro-collagen I, II, and III
processing

ADAMTS-3 Procollagen N-pro-peptide Cartilage, bone and Pro-collagen I and II
processing musculotendinous tissue 

during development
ADAMTS-4 Tissue breakdown Synovium, cartilage, CNS Aggrecan, versican, brevican,

decorin, biglycan,
fibromodulin, COMP

ADAMTS-5 Tissue breakdown Placenta, uterus, cervix, cartilage Aggrecan, versican, brevican,
decorin, biglycan,
fibromodulin

ADAMTS-6 Placenta
ADAMTS-7 Synovium, cartilage COMP
ADAMTS-8 (Not expressed in cartilage) Aggrecan
ADAMTS-9 Chondrocytes, fibroblasts, Aggrecan, versican

embryonic tissues
ADAMTS-10 Kidney, liver, heart, placenta α2-macroglobulin
ADAMTS-12 Cartilage, synovium COMP
ADAMTS-13 Processing of unusually large Liver, prostate, brain von Willebrand factor

von Willebrand factor
ADAMTS-14 Pro-collagen N-pro-peptide Prostate, brain, liver, fetal lung Pro-collagen I and III

processing
ADAMTS-15 Cartilage, fetal kidney, fetal lung Aggrecan

ADAMTS-16 Cartilage, brain, ovary, fetal lung,
fetal kidney

ADAMTS-17 Ovary, fetal lung
ADAMTS-18 Brain, submaxillary gland,

fetal lung, fetal kidney
ADAMTS-19 Osteosarcoma, fetal lung
ADAMTS-20 Neural crest-derived melanoblast Subectodermal mesenchyme 

migration through dermal during development
mesenchyme or survival and 
proliferation within the ectoderm
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aggrecanolysis is mostly pericellular while
ADAMTSs are both pericellular and in the
intraterritorial regions. Based on the fact that
MT1-MMP-null mice and MMP-9-null mice
cause destruction of articular cartilage, impair-
ment of endochondral ossification and fracture
repairs, Sandy suggests that some MMPs may be
important in cartilage matrix homeostasis.54

Kevorkian et al.49 showed that ADAMTS-16 is
elevated in late OA cartilage, but its function is
not known.

ADAMs

The ADAMs are type I transmembrane proteins
with a characteristic domain structure composed
of a pro-peptide, a catalytic domain, a disinte-
grin and cysteine-rich domain, an EGF-like (or
other) domain, a transmembrane domain, and a
cytoplasmic domain (Figure 29.1).55 The
domains define the ability of these proteins to
act as proteinases; 13 of a total of 21 ADAMs 
in the human genome have a potentially func-
tional catalytic domain with the characteristic
zinc-binding motif, and act as adhesion and 
signaling molecules. The pro-peptide acts as a
molecular chaperone during synthesis and inter-
acts with the catalytic cleft, rendering it inactive.
Proteolytic cleavage of the pro-peptide by pro-
protein convertases, such as furin, in the secretory
pathway generates a mature active form of the
ADAM in many cases. The catalytic domain
defines the ability of individual ADAMs to cleave
specific cell surface protein substrates, hence
acting as up- or down-regulators of their func-
tion (Table 29.3).56,57 A crystal structure that is
available for ADAM-1758 shows that, although
the substrate-binding site resembles that of the
MMPs, there are several structural features with
respect to surface charge and shape that should
enable the design of selective inhibitors. The dis-
integrin and cysteine-rich domain are probably
disulfide-bonded59 to form an adhesive structure
interacting with integrins, syndecans, and possi-
bly other ECM or cell surface proteins.60–62 They
also appear to have a role in substrate targeting.63

The cytoplasmic domain of the ADAMs contains
different identifiable signaling motifs and may
be involved in the assembly of complexes con-
taining adaptors, and cytoskeletal and signaling

proteins. Regulation of the ADAMs occurs at the
level of gene transcription and also by cellular
trafficking and activation.64 Most ADAMs appear
to reside in intracellular vesicles and move to the
cell surface and are quickly endocytosed. The
proteolytic functions of some may be regulated
by members of the TIMP family. TIMP-3 seems
to play a major role in the control of ADAM-1765

and has some ability to inhibit ADAM-10, -12,
and -33.56 TIMP-1 is an ADAM-10 inhibitor in
vitro and in cell-based assays, but its function in
this respect in vivo has not been addressed.

ADAM GENE ABLATION TO DETERMINE 
THEIR ROLE IN MAMMALIAN PHYSIOLOGY

The biological role of the ADAMs is a topic of
extensive investigation, particularly for those
members that have a potential proteolytic func-
tion. ADAM-8, -9, -10, -12, -15, -17, -19, and -28
have all been shown to cleave cell surface pro-
teins, such as cytokines, growth factors, growth
factor receptors and binding proteins, and cell
adhesion molecules, a process referred to as
‘shedding’ (Table 29.3).55–57 There are also some
references to their activity in the cleavage of
ECM components.57

The phenotypic outcomes of the generation of
mice in which individual ADAM genes have
been ablated, as well as combinations of ADAMs,
have often given little indication of their func-
tion and it is clear that more detailed study
involving specific ‘challenges’ will be neces-
sary.62,64 ADAM-8−/− mice and ADAM-9−/− mice
have no evident phenotype, but ADAM-10−/−

mice show early embryonic lethality, probably
due to angiogenic defects. ADAM-12−/− mice show
30% embryonic lethality and defects in brown
adipose tissue and ADAM-15−/− mice show no
phenotype apart from defects in pathological
neovascularization. ADAM-17−/− mice show
perinatal lethality, probably due to defects in
heart development. There are also defects in lung
morphogenesis. Significantly, these mice have a
phenotype resembling that of EGFR−/− mice,
TGF-α−/− mice, HB-EGF−/− mice, or amphireg-
ulin−/− mice. ADAM-19−/− mice have 80% post-
natal lethality with defects in cardiovascular
morphogenesis. ADAM-28−/− and ADAM-33−/−

mice have no overt phenotype. TIMP-3−/− mice
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have proved very informative in defining the
importance of ADAM-17 in the regulation of
TNF-α in systemic inflammation.66 When AIA
was studied in Timp3−/− mice, compared with
wild-type animals they showed a dramatic
increase in the initial inflammatory response to
intra-articular antigen injection, and serum TNF-α
levels were greatly elevated. However, these 
differences in clinical features disappeared by
days 7–14.67

ADAMs IN RELATION TO ARTHRITIC 
DISEASES AND INFLAMMATION

Specific studies of ADAM expression and poten-
tial roles in normal or arthritic joint tissues are
still fairly limited. A study by Böhm et al.68

described the expression of ADAM-15 in RA and
OA synovial tissue by immunohistochemistry
and in situ hybridization. Their results demon-
strated high levels of ADAM-15 expression in
macrophage-like and fibroblast-like synovio-
cytes, as well as in plasma cells in RA synovial
tissue, compared with normal or OA synovial
tissue. This suggests a potential role of ADAM-
15 in the pathogenesis of cartilage destruction in
inflammatory joint disease. Komiya et al.69

determined the mRNA expression levels of 10
different ADAMs in synovial tissues of patients
with RA or OA and found that ADAM-15 mRNA
was more frequently expressed in RA samples.
The mRNA and protein were localized to synovial
lining cells, endothelial cells, and macrophage-
like cells of the sub-lining, with a direct correlation
between ADAM-15 mRNA and vascular density.
ADAM-15 was up-regulated by VEGF-165.
Negligible mRNA for ADAM-8 and ADAM-28
could be found, whilst ADAM-9, -10, and -17
were constitutively expressed in RAand OAtissue.
ADAM-12 was higher in RA compared with OA
synovium. Böhm et al.70 have also studied aging
ADAM-15−/− mice which showed accelerated
development of OA lesions compared with wild-
type mice. The results were interpreted as show-
ing that ADAM-15 had a protective role in the
maintenance of joint integrity. Mice overexpress-
ing soluble ADAM-12 exhibit a pronounced
increase in the length of the long bones, due to
effects on growth plate chondrocyte prolifera-
tion and maturation.71 An imbalance in pro- and

anti-inflammatory cytokines is thought to be a
major feature of RA and may have some role to
play in OA. The major proinflammatory cytokines,
TNF-α and IL-1, are produced by synovial
macrophages and ADAM-17 is thought to be
responsible for the solubilization of the membrane-
bound pro form of TNF-α (hence the alternative
name, TNF-α converting enzyme, TACE). A
major question concerns the significance of TNF
shedding in relation to the inflammatory
response.72 ADAM-17 also releases a number of
other key effectors including TRANCE, fractalkine,
and various EGF receptor (EGFR) ligands which
play roles in the development of arthritic dis-
ease. Interestingly ADAM-17 has also been
shown to be potentially responsible for the pro-
teolysis of receptors such as TNFR-I and TNFR-
II, c-Met, IL-1 receptor-II, trkA, IL-6 receptor
(IL-6R), and others (Table 29.3). The generation
of soluble forms of receptors, e.g. IL-6R, may be
critical for the down-regulation of ligand func-
tion.73 The shedding of cell adhesion molecules
such as L-selectin, VCAM-1, ICAM-1, CD30, and
CD40 by ADAM-17 also has implications for cell
behavior within inflammatory and immune
pathways. Other ADAMs can carry out some of
these shedding functions (Table 29.3); notably,
ADAM-8 cleaves both TNF-α and TGF-α and
ADAM-9, -10, and -12 can release EGFR ligands
such as HB-EGF from the cell surface. Many
ADAMs also regulate chemokines by proteolysis
or may in turn be activated by chemokine recep-
tors and by other G protein-coupled receptors to
release EGFR ligands from the cell surface in a
transactivation mechanism. ADAM-10 may reg-
ulate CD44 and E- and N-cadherin levels and
function in Notch and Ephrin signalling.62

SYNTHETIC INHIBITORS AND CLINICAL TRIALS

As discussed above, a number of MMPs, and
more recently ADAMTSs and ADAMs, have been
implicated in the progression of RA and OA.
Thus, synthetic metalloproteinase inhibitors
have been designed and pursued for the last two
decades as a therapeutic strategy for arthritis
(and also for cancer and cardiovascular disease).
Early clinical studies using broad-spectrum pep-
tidic hydroxamate inhibitors such as marimastat
(BB-2516, Vernalis), focused on opportunities 
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in oncology. More recently we have seen a
number of hydroxamate compounds (e.g. BMS-
275921, Bristol-Myers Squib; CGS 27023A,
Novartis; BAY 12-9566, Bayer; Ro 32-3555,
Roche) with nanomolar Ki values for multiple
MMPs progress into clinical studies for arthritis.
Whilst all compounds showed good efficacy and
tolerability in animal models of arthritis, all have
been discontinued citing either lack of efficacy or
appearance of musculoskeletal syndrome (MSS)
in humans.

Lack of efficacy could be associated with a
number of factors including pharmacokinetic
properties of the compound in man (e.g. altered
pharmacokinetics in patients, ability to achieve
adequate concentration in the joint space), lim-
ited study design (duration and dosing regime),
or a flawed hypothesis. MSS manifests itself as
musculoskeletal pain and tendonitis, notably in
the small joints of the hands and shoulder. The
effects are dose- and time-related and reversible
following withdrawal of treatment. The cause of
this side effect is not clear but is thought to be a
reflection of the lack of selectivity, with MMP-1
inhibition originally hypothesized as a culprit.
More recently Pfizer progressed a sulfonamide
hydroxamic acid, CP-54443974 (Table 29.4, com-
pound 1), a potent inhibitor of MMP-13 (IC50 <
1 nM) but weak for MMP-1, into a 6-week phase
II study in OA patients. A significant reduction
was seen in the type II collagen degradation bio-
marker but MSS was also a feature in 40% of the
patients, indicating that avoiding MMP-1 inhibi-
tion is not sufficient to mitigate MSS risk. This
has led to a focus on identification of more
selective MMP inhibitors and a move away from
hydroxamic acid compounds. Progress has been
enhanced by the use of three-dimensional crystal
and/or solution structures with bound inhibitors
that have now been described for many MMPs as
well as a limited number of ADAMs.

MMP-13, ADAM-17 (TACE), and aggre-
canases are three targets where there has been
significant recent success in identification of
selective, orally bioavailable inhibitors, which
demonstrate good efficacy in preclinical models
of arthritis. In the MMP-13 area, Wyeth have
described a series of carboxylic acids with ben-
zofuran carboxamide groups,75 which were opti-
mized using homology modeling of MMP S1’

pockets. These compounds have a zinc-binding
moiety and demonstrate low nanomolar IC50s
against MMP-13, > 10-fold selectivity against
MMP-3 and -8, and > 100-fold selectivity against
MMP-1, -2, -7, -9, and -14 and ADAMTS-4, and 
are active in an in vitro bovine nasal cartilage
degradation assay (Table 29.4, compound 2).75

Inhibition of MMPs without chelation of the zinc
has also recently been exemplified by Pfizer,
who described a series of potent, selective non-
zinc-binding inhibitors of MMP-13 (Table 29.4,
compound 3).76 Co-crystallization with the
MMP-13 catalytic domain demonstrates that 
the compounds bind deep in the S1’ pocket of
the enzyme. They are highly potent and selective
with picomolar IC50 against MMP-13 and > 30
micromolar IC50 against MMP-1, -2, -3, -7, -8, -9, 
-12, -14, and -17.76 Johnson (Pfizer) presented
further data at the 7th World Congress on
Inflammation (2005) demonstrating activity in the
bovine nasal cartilage in vitro assay and efficacy in
the rabbit anterior cruciate ligament transec-
tion/partial medial menisectomy model of OA.
This profile offers an exciting opportunity for the
future with the potential to address MSS concerns
and MMP-13-dependent efficacy in man.

Inhibition of aggrecan loss represents an alter-
native therapeutic strategy for OA. Since the first
aggrecanase was cloned and shown to belong to
the ADAMTS family, multiple ADAMTS
enzymes have now been shown to cleave aggre-
can at the disease-associated Glu373-Ala374 site,
with ADAMTS-4 and ADAMTS-5 believed to be
the principal aggrecanases in human disease.
Using a pharmacophore model of the P1’ site
and homology modeling of ADAMTS-4 against
the 3-D structure of atrolysin C,77 Bristol-Myers
Squib identified a series of hydroxyl butane
diamide derivatives as potent, selective, and orally
bioavailable aggrecanase inhibitors (Table 29.4,
compound 4).77 Adopting a similar strategy,
Wyeth identified a series of biphenylsulfonamide
carboxylate compounds as dual inhibitors of
ADAMTS-4 and MMP-1378 (Table 29.4, com-
pound 5) with limited selectivity against other
MMPs. The future development of aggrecanase
inhibitors will require a greater understanding
of the relative contribution of ADAMTS-4 and
ADAMTS-5 to disease as well as the physiologi-
cal roles of the other ADAMTS family members,
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Table 29.4 In vitro inhibition profile of selective MMP inhibitors

Compound Originator In vitro profile (IC50s – nM)

1 Pfizer CP-544439 (ref 74) MMP-13 – 0.75
MMP-1 – 420
MMP-2 – 1.6
MMP-3 – 16
MMP-8 – 1.4
MMP-9 – 12
MMP-12 – 0.24
MMP-14 – 7.4

2 Wyeth (ref 75) MMP-13 – 11
MMP-1 – >18 000
MMP-2 – 4000
MMP-3 – 361
MMP-7 – 1200
MMP-8 – 111
MMP-9 – 40 000
MMP-14 – 26 000
ADAMTS-4 – 14 000

3 Pfizer (ref 76) MMP-13 – 0.67
MMP-1, -2, -3, -7, -8,
-9, -14, -17 – > 30 000

4 Bristol-Myers Squib Pharma Aggrecanase – 12
Co (ref 77) MMP-1 – 33 160

MMP-2 – 6300
MMP-8 – 171
MMP-9 – 4468

5 Wyeth (ref 78) ADAMTS-4 – 700
MMP-1 – >100 000
MMP-2 – 28
MMP-13 – 4.4
MMP-14 – 3000

6 Wyeth (ref 79) ADAMTS-4 – 100
ADAMTS-5 – > 200 000
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including the ability to establish in vitro enzyme
assays, currently hampered by a lack of sub-
strates for many family members. Nevertheless,
prospects for achieving selectivity within closely
related ADAMTS family members look promis-
ing with the recent description by Wyeth of
additional biphenylsulfonamide carboxylate
compounds which are potent ADAMTS-4
inhibitors with > 2000-fold selectivity against
ADAMTS-5 (Table 29.4, compound 6).79

Two examples of hydroxamate-based inhibitors
of ADAM-17 have progressed into clinical eval-
uation for RA. Bristol-Myers Squibb Co. identified
BMS-561392 (DPC-333) as a picomolar inhibitor
of ADAM-17 which demonstrated > 1000-fold
selectivity against MMP-1, -2, -3, -8, -9, -13, -14,
and -19, and ADAM-9 and -1080 (Table 29.4 com-
pound 7). This compound demonstrated efficacy
in preclinical models and was progressed into
clinical trials for RA. Unfortunately clinical
development was put on hold during phase IIa
studies, due to a potential hepatotoxicity risk. It
is not yet clear whether this is a compound- or
mechanism-dependent effect.

Several examples of dual MMP-13 and
ADAM-17 inhibitors have also been described.81,82

Wyeth identified a series of thiomorpholine 
sulfonamide hydroxamate compounds as dual
inhibitors of TACE and MMPs.81,82 Further opti-
mization led to apratastat (TMI-005) (Table 29.4

compound 8),81 which has nanomolar IC50s
against ADAM-17, MMP-1, and MMP-13 and
has demonstrated efficacy in preclinical models
of arthritis. Apratastat has progressed through
phase I studies in healthy volunteers and RA
patients and is currently undergoing phase II
evaluation.

OTHER THERAPEUTIC OPPORTUNITIES

In addition to synthetic inhibitors targeted to the
catalytic domain of MMPs, Kureha Corp. are
evaluating CPA-926, a pro-drug of esculetin,
which has been shown to reduce cartilage
destruction in a rabbit model of OA.83 The 
mechanism of action is not clearly defined,
although the compound appears to broadly sup-
press MMP synthesis and activity. CPA-926 is
currently undergoing phase II trials for OA. The
chemically modified tetracyclines have been
shown to weakly inhibit collagenases and affect
secretion of MMPs. Recent data from clinical
studies with doxycycline have demonstrated a
reduction in the rate of joint space narrowing
(JSN) in established OA of the knee, although
there was no effect upon pain or JSN in the 
contralateral knee.84 Doxycycline has a weak
inhibitory activity for MMPs but it is not known
whether the clinical effect is due to inhibition of
metalloproteinases or to other activities.
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Table 29.4 In vitro inhibition profile of selective MMP inhibitors—cont’d

Compound Originator In vitro profile (IC50s – nM)

7 Bristol-Myers Squib Pharma Co. ADAM17 – 0.43
(BMS-561392) (ref 80) MMP-1, -2, -3, -8, -9,

-13, -14, -19 – > 4300

8 Wyeth (TMI-005, ADAM17 – 20
Apratastat) ref 81) MMP-1 – 33

MMP-13 – 8
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Another therapeutic opportunity may come
from recent advancement of structural and func-
tional research into TIMPs and generation of
selective TIMP mutants. Mutagenesis studies
have allowed generation of TIMP mutants selec-
tive to specific MMPs85 by and also converted
TIMP-1 and TIMP-2 to inhibit ADAM-17.86,87

Recent studies of Wei et al. showed that addition
of an extra Ala to the N-terminus or mutation of
Thr2 to a Gly of TIMP-3 destroyed its ability to
inhibit MMPs, but retained the inhibitory activ-
ity of ADAM-17.88 Those studies suggest that
there are several key sites in the TIMP molecules
that dictate specific interactions with a particular
metalloproteinase. The detailed structural analy-
ses of such interaction may provide further clues
to design new types of selective inhibitors for
ADAMs.

MMPs, ADAMs, and ADAMTSs are multi-
domain proteinases and in many cases their
activities for the natural ECM substrates are reg-
ulated by non-catalytic ancillary domains.
Deletion of such domains critically impairs their
activity, suggesting that molecules that modify
their functions (exosite inhibitors) may specifi-
cally affect the enzymatic activity on natural
substrates. An example may be seen in autoanti-
bodies found in patients with thrombotic throm-
bocytopenic purpura that inhibit the activity of
ADAMTS-13 to cleave von Willebrand factor.
Those antibodies are directed to the non-catalytic
domains of the proteinase, not toward the cat-
alytic domain.40 Specific antibodies and exosite
inhibition are ideal for selective inhibition of a
target proteinase.

CONCLUSIONS

TNF-α-neutralizing agents such as infliximab
(Remicade) and etanercept (Enbrel) are currently
used clinically for the treatment of many inflam-
matory diseases including RA, ankylosing
spondylitis, juvenile RA and psoriatic arthritis.
An alternative approach to lowering the levels of
TNF-α in inflammatory disease is therefore to
inhibit ADAM-17. However, a variety of MMPs
have been found to be overexpressed in RA syn-
ovial tissue and have been implicated in the
destruction of cartilage in RA joints, but the opti-
mal ADAM-17 over MMP selectivity profile for a

drug to treat RA is at present unresolved. In the
case of OA, it may be necessary to inhibit several
metalloproteinases. We will still need to elucidate
the physiological and pathological roles of MMPs
and ADAMTSs in the progressive degradation
of cartilage matrix to design effective therapeutic
strategies. Based upon recent success in achiev-
ing selectivity and bioavailability with MMP
inhibitors targeted at MMP-13, ADAM-17, and
ADAMTS-4/-5, the prospects for the next gener-
ation of selective metalloproteinase inhibitors
look encouraging, although we must now await
progression of these compounds to human clinical
studies.
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INTRODUCTION

The active search for new treatment modalities
for established rheumatoid arthritis (RA) has 
created a dynamic period for rheumatology. Both
innovative application of established disease-
modifying anti-rheumatic drugs (DMARDs) and
the availability of targeted interventions have
improved therapeutic results. The emphasis in
RA clinical research has been on measures of
inflammatory activity such as joint scores and
acute phase response. Control of inflammation is
regarded as an effective strategy to improve
long-term outcome, although few studies are
available to assess how completely inflammation
must be controlled. The benefit of early treat-
ment is indisputable, as is tight disease control 
to detect non-responders in an early phase.1,2 In
the last 5 years the results of many studies have
emerged that allow an optimal introduction of
tumor necrosis factor (TNF) antagonists in the
treatment armamentarium of rheumatologists.
Given the availability of three TNF antagonists,
the emergence of two new targeted therapies in
RA (abatacept and rituximab) and the judgment
on clinical efficacy, the usage of recombinant
interleukin (IL)-1 receptor antagonist has sharply
declined. This chapter will focus on the new
insights in efficacy and toxicity of TNF antagonists
obtained between 2001 and 2006.

INFLIXIMAB

Infliximab (Remicade) was the first TNF antago-
nist studied in RA in the Kennedy Institute of
Rheumatology. Several placebo-controlled trials
showed efficacy of infliximab in combination
with methotrexate in patients with advanced
RA.3–5 The efficacy of infliximab in patients with
RA of less than 3 years was assessed in a study
where 1049 methotrexate-naïve patients were
randomized to methotrexate, methotrexate and
infliximab 3 mg/kg, or methotrexate and inflix-
imab 6 mg/kg.6 At 54 weeks the ACR 20%
response rates were significantly higher in the
methotrexate and infliximab groups (62% and
66%, respectively) when compared with the
methotrexate only group (53%). In addition,
patients in the infliximab groups showed less
radiographic progression (mean Sharp score
progression of 0.4) compared with the progres-
sion in the methotrexate only group (mean 3.7).
Physical function improved significantly more
in the infliximab-treated groups, as did employ-
ability.7 The relation between the anti-inflamma-
tory effects of infliximab and the effect on joint
destruction was studied in those patients who did
not show a clinical response to infliximab and
methotrexate therapy.8 It could be shown that
even in these patients treatment with infliximab
and methotrexate provided significant benefit
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with regard to the destructive process, suggest-
ing that in such patients these two aspects of 
disease are dissociated.

Infliximab was also studied for its potential to
induce a state of remission with a temporary
intervention. Quinn et al. treated 20 patients
with early RA with methotrexate and either
placebo or infliximab for 1 year in a controlled
study. Intriguingly 7 of the 10 patients who
stopped infliximab remained in a state of low
disease activity in the second year.9 In a larger-
scale study four treatment strategies were com-
pared as initial therapy in patients with early
RA: (1) sequential monotherapy, (2) step-up
combination therapy, (3) initial combination
therapy with corticosteroids, and (4) initial treat-
ment with methotrexate and corticosteroids.
After 1 year the primary outcomes (ACR 20 +
HAQ (Health Assessment Questionnaire) + Sharp
score) were significantly better in groups 3 and 4
compared with groups 1 and 2.10 The patients in
group 4 who initially started with infliximab and
methotrexate (n = 120) discontinued infliximab
when they showed low disease activity for 
6 consecutive months. Of the 77 patients who
discontinued infliximab and entered years 2 and
3 of the study with low disease activity and a
mean of 10 mg methotrexate per week, only 14
patients flared and no patient developed radio-
graphic progression.11 These data provide evi-
dence for the window of opportunity hypothesis
in RA. If larger studies confirm these data, this
protocol may provide a solution to the economic
issues of early therapy with biologics. The
approach presented may offer the potential for
the drug to be used for a limited period of a time
when it has the greatest opportunity to make a
difference. Large-scale controlled studies are
under way to confirm these findings.

ADALIMUMAB

Adalimumab (Humira) is a fully human anti-
TNF monoclonal antibody (mAb) that has shown
efficacy as monotherapy or in combination with
methotrexate in several randomized, placebo-
controlled, phase III trials. In therapy-naïve
patients with early aggressive RA (n = 799), sub-
cutaneous administration of adalimumab was
significantly more effective than either drug alone

in achieving ACR 50 responses, the co-primary
efficacy endpoint, from 6 months to 2 years.12

Adalimumab plus methotrexate was also signif-
icantly more effective than either drug alone in
slowing the rate of joint destruction, as shown
by the significant small increases in the modified
Sharp score after 52 weeks of therapy. After 2 years
of treatment significantly more patients receiv-
ing combination therapy than those receiving
monotherapy had a meaningful improvement in
physical function. In this trial adalimumab and
methotrexate monotherapy had similar effects
on clinical outcome but adalimumab was associ-
ated with less radiographic progression.

In patients with advanced disease, adali-
mumab in combination with methotrexate pro-
duced more rapid, statistically significant, and
sustained improvements in ACR responses
compared with the same regimen without adal-
imumab in several phase III trials of 24–52 weeks.
The ACR 20% response at 24 weeks was two to
four times more frequent with adalimumab and
methotrexate compared with methotrexate and
placebo.13,14 The control of the disease activity
achieved with adalimumab and methotrexate in
the first 6 months could be maintained for up to
4 years in patients remaining on treatment in
open-label extension.15 Adalimumab plus
methotrexate was more effective than placebo
plus methotrexate in slowing radiographic 
progression.13

ETANERCEPT

Etanercept (Enbrel) was developed by linking
DNA encoding the extracellular portion of the
P75 TNF receptor with DNA encoding the 
Fc portion of human IgG1.16 Its efficacy as
monotherapy or in combination in the treatment
of advanced RA has been shown in several
phase III trials.17–19 Etanercept 10 or 25 mg was
compared to methotrexate in 632 patients with
early RA.20 At 12 months, 72% of the patients in
the group assigned to receive 25 mg etanercept
had an ACR 20% response as compared with
65% of those in the methotrexate group. Among
the patients who received 25 mg etanercept, 72%
had no increase in the erosion score as compared
with 60% of the patients in the methotrexate
group. Etanercept was also studied in what is

9781841844848-Ch30  8/9/07  3:38 PM  Page 386



now seen as a classical three-arm study compar-
ing etanercept plus methotrexate with etaner-
cept or methotrexate alone21 in 682 patients with
a mean disease duration of 6 years. At week 52 a
mean of 85% of patients in the combination
group achieved an ACR 20% response compared
with 75% and 76% of the methotrexate and etan-
ercept monotherapy groups, respectively. With
respect to the radiographic primary outcome the
mean Sharp score change for the combination
group was lower than for the monotherapy
groups at week 52. The mean difference between
combination and methotrexate groups was −3.34.
Etanercept-treated patients had less change in
Sharp scores than did methotrexate-treated
patients. The results of the HAQ indicated
improvement over baseline values in disability
in patients allocated to combination treatment
compared with the monotherapies. This improved
outcome of etanercept plus methotrexate therapy
was sustained during the 2-year extension of the
study.22

TNF ANTAGONISTS

Adalimumab and etanercept are both approved
as monotherapy for RA, while infliximab is
approved for use with methotrexate in RA.
However, the cumulative weight of evidence
from several trials suggests that the combination
of a TNF-blocking agent and methotrexate
yields superior results. TNF inhibitors have been
used with combinations of various background
DMARDs without increased toxicity.23 There is
no evidence that any one TNF-blocking agent is
more effective than any other. Many uncon-
trolled observational studies have reported that
failure to respond to one TNF inhibitor does not
predict response to another. The efficacy of 
combination therapy of etanercept and anakinra
was assessed in a randomized double-blind study
including 244 patients. Combination therapy pro-
vided no treatment benefit over etanercept alone
but was associated with increased safety risk: 0
versus 4% serious infections.

ADVERSE REACTIONS

Data from clinical trials with TNF-inhibiting
agents have reported relatively low levels of 

toxicity of these drugs. An increased susceptibil-
ity of tuberculosis (TB) or re-activation of latent
TB should be considered as a class characteristic
of TNF antagonists. The picture of TB may be
atypical in those patients, as has been seen with
other immunocompromised patients. There
have been more reported cases of TB in patients
treated with infliximab and adalimumab than
etanercept but no definitive data are available
regarding a difference in TB risk between the
agents. Screening patients about to start TNF-
blocking agents has reduced the risk of activat-
ing TB. Other opportunistic infections such as
Listeria and histoplasmosis are rare but have
been reported in the setting of TNF-blocking
agents. A systemic literature search conducted
through December 2005 on the published trials
on infliximab and adalimumab revealed an
increased risk of infections requiring antimicro-
bial therapy and malignancies compared with
control patients. The pooled odds ratios were 
3.3 for malignancy and 2.0 for infection.24

However, several large observational data-
bases including prospective case-control studies
did not demonstrate an increased incidence of
solid tumors or lymphomas after TNF-blocking
therapy. Surprisingly such studies seem to indicate
a decreased risk of cardiovascular events during
treatment with TNF antagonists compared with
control patients. Despite initial warnings there is
presently no substantive evidence that TNF
antagonists increase the risk of congestive heart
failure. Some patients have become pregnant
while being treated with TNF-blocking therapy
and small surveys have not shown that the rates
of normal live births, miscarriages, and therapeutic
terminations are different from the published
rates for the normal population. There are insuf-
ficient data to advise continuation or starting of
anti-TNF therapy if a patient becomes pregnant.
The incidence of pancytopenia, pulmonary fibro-
sis, and demyelinating-like syndromes is not
greater than expected in the general population;
however, in rare cases these syndromes have
been reported.

SUMMARY AND CONCLUSIONS

The concept of a targeted therapy that could
affect one or more specific pathological processes
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in RA has enormous implications for the future.
Heretofore, all the available therapies have been
truly non-specific, often borrowed from other
disciplines (e.g. oncology, infectious diseases),
and having side effect profiles that limit their
usefulness. With the new biologic agents, new
therapeutic perspectives appear but many ques-
tions need to be addressed to further clarify their
role. These include the following: (1) do these
drugs maintain efficacy with treatments longer
than 5 years; (2) do these treatments maintain
the integrity of joint structures during long-term
therapy; (3) are they safe with long-term ther-
apy; (4) how can we explain non-responders; 
(5) how can we select patients for different forms
of targeted therapies; (6) is it justified to use the,
by definition, restricted financial resources in
healthcare for long-term RA treatment with bio-
logic agents?

The three TNF antagonists may be used as
either first- or second-line options and their
first-time use is currently recommended only
in exceptional circumstances. Usage of TNF
antagonists is generally recommended for
patients who have failed DMARD therapy.
Whether this will change depends on more
studies on the optimal therapeutic strategy in
early RA.

RA is a severe disease despite established treat-
ment. The most promising therapies at present
include products of biotechnology. These thera-
pies, which have become available for many
rheumatologists, may certainly be seen as break-
throughs in the treatment of RA. Methotrexate is
presently regarded as the gold standard of tradi-
tional DMARD therapy. However, the biologic
agents discussed are significantly more effective
than methotrexate in slowing radiographic pro-
gression of joint destruction. The optimal initial
approach for controlling disease activity in RA is
now being studied in many centers. The indica-
tion is that early introduction of the combination
of methotrexate and a TNF antagonist may
achieve a sustained remission more frequently
than initial monotherapy.9,11 The optimization of
biologic therapies through increasing experience
and extended careful surveillance of patients
should ensure cytokine-targeted agents a pivotal
place in the therapy of RA.
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INTRODUCTION

The first identified members of the interleukin
(IL)-1 family of cytokines include two agonist
forms of IL-1, IL-1α and IL-1β, and a natural
inhibitor IL-1 receptor antagonist (IL-1Ra).
Excess or unopposed production of IL-1 may
lead to inflammation and tissue damage. The 
IL-1 family of cytokines also extends to other
members that are related to IL-1 by their amino
acid sequence and structural homologies. This
family includes IL-18 and six novel cytokines,
IL-1F5 to IL-1F10. IL-1 and IL-18 use different
receptors but both cytokines induce similar
intracellular signals through a receptor complex
including a ligand binding chain and an acces-
sory protein. IL-1F6, IL-1F8, and IL-1F9 bind to
IL-1Rrp2 and use the IL-1R accessory protein.
Several endogenous inhibitors regulate IL-1 and
IL-18 signals, some of which are used in therapy
or are currently being tested in clinical trials.

NOMENCLATURE AND STRUCTURE OF THE IL-1
FAMILY OF CYTOKINES AND RECEPTORS

IL-1 cytokines

The IL-1 family of cytokines includes 10 different
ligands which share some amino acid sequence
homology (Table 31.1). The biological activity of

IL-1 resides in two cytokines derived from two
different genes, IL-1α and IL-1β, which bind to
the same receptors.1 The interactions of IL-1α
and IL-1β with IL-1 receptor I (IL-1RI) lead to the
recruitment of the IL-1R homolog, IL-1R 
accessory protein (IL-1RAcP), and of subsequent
intracellular signaling.2 IL-1Ra competes with
IL-1 for its interaction with cell surface IL-1RI
and acts as an endogenous IL-1 inhibitor. These
three members of the IL-1 family are highly
homologous to each other and are tightly 
conserved across species. The genes for IL-1α,
IL-1β, and IL-1Ra are located close to each other
in the human chromosome 2q14 region.3,4

Both IL-1α and IL-1β are synthesized as 31 kDa
precursor peptides (pre-IL-1α and pre- IL-1β) and
are cleaved to generate 17 kDa mature IL-1α
and IL-1β. IL-1β is primarily produced by
macrophages and is secreted after cleavage of its 
proform by the cystein protease caspase-1.5

Pre-IL-1α is cleaved by calpain proteases to
release mature carboxy-terminal IL-1α. Most 
IL-1α is placed on the plasma membrane and
can exert its function by stimulating cells by
direct cell–cell interaction.6 In addition, pre-
IL-1α contains a nuclear localization sequence in
its amino terminal domain allowing the nuclear
translocation of pre-IL-1α and its amino-terminal
16 kDa propiece,7 where they exert different
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effects on cell growth, tumor transformation,
apoptosis, pro-collagen-I and cytokine production,
and NF-κB activation.8–11

Like IL-1β, IL-18 is produced as a pro-peptide,
which is cleaved by caspase-1 to generate
mature and active IL-18.12 Six new members of
the IL-1 family have been identified primarily
through use of DNA database searches for
homologs of IL-1, and termed IL-1F5 to 
IL-1F10.13,14 The genes encoding for IL-1α, IL-1β,
IL-1Ra, and the six novel members form a 
cluster on the long arm of chromosome 2. 
In humans, all of the genes encoding for IL-1F5
to IL-1F10 map to less than 300 kb of chromo-
some 2, where they are flanked by IL-1α, IL-1β,
and IL-1Ra. Reported similarities between the
amino acid sequences of human IL-1 homologs
range from 52% (between IL-1F5 and IL-1Ra) to
13% (between IL-1F5 and IL-18). As opposed to
the human, IL-1F7 gene is not present in the
mouse. Different splice variants for IL-1F5, F7,
F8, F9, and F10 have been reported. IL-33, a
novel member of the IL-1 family was recently
shown to bind to ST2 and to use IL-1RAcP as a
co-receptor for cell signaling. IL-33 is a potent
inducer of Th2 activities in vitro and in vivo.14a

In addition, IL-33 stimulates the production of
pro-inflammatory cytokines by mast cells via a

mechanism independent of cell degranulation
(personal communication).

IL-1 receptors

The first member of the IL-1 receptor family 
(IL-1RI) was cloned in 1988 but findings in
recent years have expanded our knowledge on
IL-1 receptor homologs, which now include 
10 members (IL-1RI, IL-1RII, IL-1RAcP, IL-18Rα,
IL-18Rβ, IL-1Rrp2, APL, T1/ST2, SIGIRR, and
TIGIRR) (Table 31.1). These receptors are defined
as membrane-spanning proteins that possess at
least one but usually three immunoglobulin-like
extracellular domains and, with the exception of
IL-1RII, a cytoplasmic domain related to the
Toll-like receptor (TLR) superfamily, the 
Toll-like/IL-1R (TIR) domain. Many of the genes
of receptors (IL-1RI, IL-1RII, IL-18Rα, IL-18Rβ,
T1/ST2, IL-1Rrp2) are located in a 530 kb cluster
on human chromosome 2q12.15 IL-1RAcP gene is
on chromosome 3q28,16 SIGIRR lies on chromo-
some 11p15,17 and TIGIRR and APL map on the
X chromosome.18 IL-1RII has a short cytoplasmic
domain (29 amino acids) and may exist only as a
decoy receptor.19

T1/ST2 and IL-1Rrp2 resemble IL-1RI in
structure. Although T1/ST2 activates MAP
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Table 31.1 IL-1 family of cytokines and receptors

Ligands Receptors Characterized and postulated functions

IL-1α (IL-1F1) IL-1RI, IL-1RII, IL-1RAcP Proinflammatory
Promotes tissue damage
Unique intracellular functions

IL-1β (IL-1F2) IL-1RI, IL-1RII, IL-1RAcP Proinflammatory
Promotes tissue damage

IL-1Ra (IL-1F3) IL-1RI, IL-1RII (weakly) Anti-inflammatory
IL-18 (IL-1F4) IL-18Rα, IL-18Rβ Promotes Th1 responses

Proinflammatory
IL-1F5 IL-1Rrp2? IL-1Rrp2 antagonist?
IL-1F6 IL-1Rrp2, IL-1RAcP Weak IL-1 agonist activities
IL-1F7 IL-18Ra, IL-18BP IL-18 inhibitor?

Antitumoral activity?
IL-1F8 IL-1Rrp2, IL-1RAcP Weak IL-1 agonist activities
IL-1F9 IL-1Rrp2, IL-1RAcP Weak IL-1 agonist activities
IL-1F10 IL-1RI (weakly) Not characterized
IL-33 T1/ST2, IL-1RAcP Promotes Th2 responses

IL-1R, IL-18, TLR4 signaling inhibition
Not characterized SIGIRR IL-1R, IL-18, TLR4 signaling inhibition
Not characterized APL Not characterized
Not characterized TIGIRR Not characterized
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kinases, it is not able to stimulate NF-κB activa-
tion.20 T1/ST2 is expressed on T-helper type 2 (Th2)
lymphocytes and some evidence indicates that
T1/ST2 plays an important role in Th2 responses
(IL-4, IL-5, IgE production).21 The cytoplasmic
domains of APL, SIGGIR, and TIGGIR have an
additional 100 amino acid carboxy-terminal tail
in their TIR domains. SIGGIR has a single 
extracellular immunoglobulin domain. Ligands
for APL, SIGIRR, and TIGIRR have not been
clearly characterized so far, and thus, are 
considered as orphan receptors.

TOLL/IL-1R SIGNALING PATHWAYS

TIR domain-containing superfamily members
can be divided into three groups. The first 
contains extracellular immunoglobulin domains
and includes IL-1R family members. The second
possesses extracellular leucine-rich repeats and
includes TLRs. The third consists of intracellular
adapter peptides such as MyD88, MyD88 
adaptor-like (MAL), TIR domain-containing
adaptor inducing interferon (IFN)-β (Trif), and
TLR4 adaptor TRAM. MyD88 is an essential
component for IL-1 and IL-18 signaling.22

It interacts with TIR domain of IL-1R and
recruits IL-1R-associated kinase (IRAK)-4 and
IRAK-1 through death domain interactions 
and TNF receptor associated factor (TRAF)6.23–25

Phosphorylation of IRAK leads to the formation
of a larger complex with transforming growth
factor (TGF)-β activated kinase (TAK)1-TGF-β
and activated protein kinase 1 binding protein
(TAB)1-TAB2.26 Activation of TAK1 leads to the
phosphorylation of IKK,27 and subsequent 
NF-κB activation. Activated TAK1 is also
thought to participate in activation of p38 MAP
kinase, JNK, and ERK1/2 pathways.28 Mitogen-
activated extracellular signal regulated kinase
activating kinase (MEKK)3 has also been 
implicated in NF-κB activation through interaction
with TRAF6.29

ENDOGENOUS INHIBITORS OF TOLL/IL-1R
SIGNALING

The activity of the IL-1R family is tightly regu-
lated at different levels by different endogenous
inhibitors, including soluble receptors, receptor
antagonists, inhibitory receptors, and intracellular

signaling inhibitors. Soluble IL-1RII binds IL-1
with higher affinity than IL-1Ra, thus further
increasing the inhibitory effect of IL-1Ra.30 Upon
IL-1 binding, cell surface IL-1RII can also recruit
IL-1RAcP, thus preventing IL-1RAcP from 
forming a receptor complex with IL-1RI.31

A soluble form of IL-1RAcP exerts inhibitory
actions on IL-1 signaling.32,33

IL-1Ra is currently the only receptor antagonist
recognized in the IL-1 family. IL-1F5 has been
reported to inhibit the stimulatory effects of 
IL-1F9, supposedly by interfering with the 
binding of IL-1F9 to IL-1Rrp2.34 However, this
effect was not confirmed in a recent study by
using other in vitro systems and stimulation with
IL-1F6, IL-1F8, and IL-1F9.35

Recently, it has been shown that membrane-
bound T1/ST2 negatively regulates cell signals
induced by IL-1, IL-18, and lipopolysaccharide
(LPS) by sequestrating the adapters MyD88 
and Mal. Consistently, ST2-deficient mice are
unable to develop tolerance to LPS stimulation.36

SIGIRR inhibits NF-κB activation by members of
the IL-1R/TLR family by trapping of signaling
molecules TRAF6 and IRAK1.37 SIGIRR-deficient
mice were found to be more susceptible to 
LPS-induced lethality37 and to exhibit a more
severe form of experimental colitis.38 An alterna-
tively spliced short MyD88 variant lacking the
intermediate domain inhibits IL-1R/TLR-triggered
signals by preventing IRAK-1 phosphorylation.39

IRAK-M, a member of the IRAK family without
kinase activity, prevents the formation of IRAK-
TRAF6 complexes and down-regulates down-
stream signals induced by IL-1 and some TLR
ligands.40

IL-1 RECEPTOR ANTAGONIST

A description of the characterization, cloning,
and expression of the IL-1Ra molecule is sum-
marized in Chapter 12 in the previous edition of
this monograph41 and in a recent comprehensive
review on IL-1Ra.42 Four members of the IL-1Ra
family have now been described: (1) sIL-1Ra, the
original secreted 17 kDa isoform; (2) icIL-1Ra1,
an 18 kDa intracellular isoform; (3) icIL-1Ra2,
another intracellular isoform found only as
mRNA; and (4) icIL-1Ra3, a 16 kDa intracellular
isoform. Both sIL-1Ra and icIL-1Ra1 bind avidly
to IL-1 receptors and readily inhibit the binding
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of IL-1α and IL-1β in vitro and in vivo. The major
intracellular isoform of IL-1Ra, icIL-1Ra1, is
released from keratinocytes and macrophages
under certain conditions but may also carry out
unique biological functions within cells. icIL-1Ra1
was described to inhibit IL-1-induced IL-6 and 
IL-8 production in Caco-2 intestinal epithelial cells
through inhibition of p38 mitogen-activated pro-
tein kinase (MAPK) and NF-κB pathways.43 In
addition, icIL-1Ra1 was shown to inhibit IL-1-
induced IL-6 and IL-8 production in keratinocytes
through binding to the third component of the
COP9 signalosome with subsequent inhibition of
the p38 MAPK pathway.44 Thus, the major intra-
cellular isoform of IL-1Ra may exert anti-inflam-
matory activities inside the cell as well as in the
pericellular micro-environment after release.

Balance between IL-1 and IL-1Ra

The balance between IL-1 and IL-1Ra is important
in natural host defense against inflammatory
diseases and in the treatment of human diseases.45

The role of a physiologic balance between IL-1
and IL-1Ra was dramatically illustrated by the
observations that particular inbred strains of
mice genetically lacking all isoforms of IL-1Ra
spontaneously developed arterial inflammation46

or a chronic inflammatory arthritis.47 Subsequent
studies indicated that the absence of IL-1Ra led
to the development of arthritis by enhancing 
IL-1-induced T-cell-dependent antibody produc-
tion through augmenting CD40 ligand and OX40
expression on T cells.48 However, arthritis did not
occur in IL-1Ra-deficient mice in the absence of
IL-17, with excess IL-17 production in these mice
being secondary to OX40 induction by IL-1.49 The
arteritis observed in IL-1Ra-deficient mice also
appeared to be mediated by effector T cells.50

Thus, endogenous IL-1Ra may serve an impor-
tant role in preventing or limiting organ damage
in IL-1-mediated inflammatory diseases through
controlling T-cell stimulation of antibody produc-
tion or reducing effector T-cell function.

IL-1Ra gene polymorphisms and disease

The importance of endogenous IL-1Ra in regu-
lating disease processes is further illustrated by
studies on IL-1Ra gene polymorphisms.45,51,52

An allelic polymorphism exists in intron 2 of the
IL-1Ra gene, caused by the presence of two to six
copies of an 86 bp tandem repeat. The allele 
containing two repeats (IL-1RN*2) is found in
21.4% of the normal Caucasian population and is
present in increased frequencies in a variety of
human diseases primarily of epithelial or
endothelial cell origin (Table 31.2). The possible
mechanism of disease associations with 
IL-1RN*2 has been best characterized through
studies on endothelial cells and coronary artery
disease. icIL-1Ra1 is the only isoform found in
human umbilical vein endothelial cells and
human coronary artery endothelial cells, with
lower levels of icIL-1Ra1 produced by cells from
individuals carrying IL-1RN*2.53 In addition, the
presence of IL-1RN*2 predisposes endothelial
cells to a decrease in growth and an increase in
senescence, characteristics thought to lead to
accelerated atherosclerosis.54 Local production
of IL-1 in coronary artery endothelial cells is
found in patients with dilated cardiomyopathy55

and in atherosclerotic plaques of patients with
coronary artery disease.56 The carriage of 
IL-1RN*2 is associated with a higher rate of
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Table 31.2 Human diseases associated with 
IL-1Ra gene allele 2 (IL-1RN*2)

Systemic lupus erythematosus, particularly skin lesions
Sjögren’s syndrome
Juvenile chronic arthritis
Rheumatoid arthritis in certain population groups
Ankylosing spondylitis
Osteoarthritis
Ulcerative colitis in certain population groups
Severity of alopecia areata
Lichen sclerosis
Early-onset psoriasis
Multiple sclerosis in certain population groups
Hypochlorhydria and gastric cancer
Diabetic nephropathy
Susceptibility to sepsis
Henoch–Schönlein purpura
IgA nephropathy
Early-onset periodontitis
Bronchial asthma
Fibrosing alveolitis
Silicosis
Severity of acute graft-versus-host disease in bone

marrow transplant patients
Idiopathic recurrent miscarriage
Peptic ulcer disease
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single-vessel coronary artery disease56 as well as
with protection from restenosis after coronary
angioplasty.57,58 In addition, the carriage of 
IL-1RN*2 predisposes to increased serum levels
of soluble markers of endothelial inflammation
in patients with non-ST-elevation acute coronary
syndromes.59 Lastly, IL-1RN*2 is also a suscepti-
bility factor in the development of carotid ather-
osclerosis.60 These data suggest that individuals
carrying IL-1RN*2 demonstrate an alteration in
the balance between IL-1 and IL-1Ra in endothelial
cells with a relative lack of icIL-1Ra1 production.
This imbalance may predispose to accelerated
atherosclerosis in both coronary and carotid
arteries with an increased risk of clinical disease.

IL-1Ra in animal models of arthritis

The administration of IL-1Ra and other
inhibitors of IL-1 in animal models of arthritis
was reviewed in Chapter 12 in the first edition of
this monograph.41 The major benefit of thera-
peutic delivery of IL-1Ra by gene therapy over
administration of recombinant protein was in
the maintenance of high protein levels in local
tissues.61 Technical advances have been made in
gene therapy systems to enhance expression of
IL-1Ra in the synovium in experimental animal
models of inflammatory arthritis. An inducible
expression system was described for the local
production of IL-1Ra in the joints of mice with
collagen-induced arthritis (CIA).62 Lentiviral-
mediated gene delivery of IL-1Ra to the synovium
led to stable integration with amplification of 
IL-1Ra protein production through inflamma-
tion-induced proliferation of the transduced
cells.63 Intramuscular gene therapy with plasmid
DNA containing the IL-1Ra cDNA was also suc-
cessful in preventing the development of CIA.64

Local intra-articular gene expression of IL-1Ra
through ex vivo gene therapy ameliorated arthri-
tis in contralateral joints through modulating the
function of resident antigen-presenting cells 
that traffic to distant regional lymph nodes.65

Thus, intra-articular gene therapy of inflammatory
arthritis with IL-1Ra may lead to prolonged 
suppression of disease in multiple joints, 
possibly rendering this treatment more feasible
for human disease. Experimental animal models
of osteoarthritis have also been successfully

treated with IL-1Ra administered either alone by
intra-articular injection,66 or in combination with
IL-10,67 or with insulin-like growth factor to
enhance chondrocyte synthesis of matrix.68

A soluble form of the IL-1 receptor accessory
protein (sIL-1RAcP) has also been employed as a
therapeutic agent in CIA. sIL-1RAcP increases
the affinity of binding of IL-1α or IL-1β to the
soluble type II IL-1 receptor by 100-fold, while
leaving unaltered the low binding affinity of IL-
1Ra.32 Local production of sIL-1RAcP by injec-
tion of transduced fibroblasts into knee joints led
to a marked reduction in inflammation and in
cartilage and bone destruction.69 Systemic deliv-
ery of either IL-1Ra or sIL-1RAcP using adenovi-
ral vectors prevented the development of CIA;
in contrast to IL-1Ra, IL-1RAcP ameliorated the
arthritis without affecting T-cell immunity.33 A
form of the sIL-1RAcP is currently being evalu-
ated in clinical trials in patients with RA.

ADMINISTRATION OF IL-1Ra IN 
RHEUMATIC DISEASES

The results of early clinical trials of IL-1Ra in the
treatment of RA were reviewed in Chapter 12 in
the first edition of this monograph.41 New 
information has been provided by the results of
additional clinical trials, as reviewed in two
monographs70,71 and four editorials.72–75 In a 
48-week extension of an earlier 24-week trial, 
IL-1Ra (anakinra) alone gave a sustained clinical
response with excellent tolerance and no
increased number of withdrawals or clinical
complications.76 In addition, a significantly
greater retardation of radiologic joint damage
was observed at 48 weeks in comparison with 
24 weeks in patients treated with IL-1Ra alone.77

In two further trials in RA, anakinra was admin-
istered in combination with methotrexate and
exhibited significantly greater responses than
did methotrexate alone.78,79 Anakinra also
improved the functional status of responding
RA patients80 and led to greater improvements
in patient-reported than physician-reported 
outcomes.81 The safety profile of anakinra was
high even in patients with multiple comorbid
condition.82–84 Patients who failed anti-TNF-α
therapy exhibited a poor response to anakinra85

and combination therapy with etanercept and
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anakinra in methotrexate failures provided no
increased efficacy and exhibited increased toxic-
ity compared with etanercept alone.86 The first
clinical trial of gene transfer with IL-1Ra in RA
was reported87 and discussed in a review.88

IL-1Ra treatment was reported to be dramati-
cally successful in patients with Still’s disease, of
either juvenile or adult onset.89,90 These patients
had failed treatment with numerous other
agents including steroids, methotrexate, and
TNF-α inhibitors. Anakinra treatment was safe
and efficacious in 4 patients with severe lupus
arthritis91 and in 13 patients with osteoarthritis,
the latter after intra-articular injection.92 In 
contrast, anakinra treatment was only modestly
successful in a subset of patients with ankylos-
ing spondylitis.93,94 Administration of anakinra
had a favorable effect on the course of acute gout
in a recent open-label study.94a

ADMINISTRATION OF IL-1Ra IN 
PERIODIC FEVER SYNDROMES

Periodic fever syndromes are a subset of 
hereditary autoinflammatory disorders charac-
terized by recurrent and severe attacks of fever,
arthritis, and skin lesions. Mutations in members
of a new family of genes, the PYRINs, lead to
familial Mediterranean fever and to other 
clinical disorders through overproduction of
caspase-1 with unregulated release of active 
IL-1β.95–103 Patients with three of these clinical
syndromes all responded dramatically to treat-
ment with IL-1Ra: Muckle-Wells syndrome,104,105

neonatal-onset multisystem inflammatory 
disorder (NOMID),106,107 and familial cold
autoinflammatory syndrome (FCAS).108 It is
highly likely that other described clinical 
syndromes in this family may also be due to
overproduction of IL-1β and will exhibit a 
similar response to treatment with IL-1Ra.

POTENTIAL BIOLOGIC FUNCTION OF 
NOVEL IL-1 AND IL-1R HOMOLOGS

Little is known regarding the biologic function
of novel IL-1 homologs and our knowledge
derives mostly from in vitro studies. IL-1F7 binds
to IL-18BP and enhances its ability to inhibit 
IL-18 activities.109 IL-1F6, IL-1F8, and IL-1F9

bind to IL-1Rrp2 and IL-1RAcP and induce 
similar signals to IL-1, but at much higher 
concentrations (100–1000-fold).35 Recently, we
have observed that recombinant IL-1F8 induces
the production of IL-6 by human synovial
fibroblasts and articular chondrocytes in culture.
However, these stimulatory effects were present
when using at least 100-fold higher concentra-
tions of IL-1F6 and IL-1F8 than of IL-1β
(personal data). Differential splicing of mouse
T1/ST2 generates two mRNA of 2.7 and 5.2 kb
encoding for a shorter soluble ST2 and a longer
membrane-bound variant.110,111 A soluble ST2-
human IgG fusion protein decreased the produc-
tion of proinflammatory cytokines TNF-α, IL-6,
and IL-12 by LPS-stimulated mouse macrophages,
the LPS-induced lethality in mice,112 and the
severity of collagen-induced arthritis.113

CONCLUSION

IL-1 plays a major role in inflammatory conditions
such as RA and other rheumatic diseases. In addi-
tion, recent findings have demonstrated that some
periodic fever syndromes are associated with IL-
1β overproduction. The use of IL-1Ra-deficient
mice has demonstrated that uncontrolled IL-1
activities may lead to various inflammatory condi-
tions. The administration of IL-1Ra was successful
in treating RA patients and other inflammatory
conditions such systemic onset juvenile idiopathic
arthritis, adult Still’s disease, and periodic fever
syndromes. In addition to IL-1 and IL-1R, many
other members of this family of cytokines and
receptors have been characterized. Their functions
are starting to be elucidated. Some of them control
Th1 and Th2 responses or possess weak IL-1 ago-
nist activity, whereas others exhibit inhibitory
functions on TIR signaling.
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INTRODUCTION

Psoriatic arthritis (PsA) is a chronic, progressive
form of inflammatory arthritis that occurs in
individuals with psoriasis. It affects at least 0.3%
of the population, although estimates of its
prevalence vary widely, and is generally consid-
ered an autoimmune disease with unknown
antigenic determinants. There currently is no
predictive marker indicating which psoriasis
patients will develop arthritis.1 PsA often is 
classified as a subtype of spondyloarthropathy,
due to shared HLA associations among those
with spinal involvement, and characteristic
inflammatory clinical and immunopathologic
features.2 Although it is heterogeneous in pres-
entation, this disease often results in significant
functional impairment and reduced quality of
life.3 Since the previous edition of this textbook,
a number of developments have occurred
including development of a new classification
criteria for PsA, deepening understanding of
pathophysiology, further validation of outcome
measures for clinical trials, new observations on
more prolonged use of targeted therapy agents
reviewed in the previous edition of this text-
book, and data from trials of newly emerging
agents.

CLASSIFICATION AND EPIDEMIOLOGY

Historically the Moll and Wright criteria have
been used for the classification of PsA,4 accord-
ing to which, PsA is an inflammatory arthropa-
thy in patients with psoriasis, usually with
negative rheumatoid factor, and five distinct
clinical subsets: (1) oligoarticular (< 5 tender and
swollen joints) asymmetric arthritis, (2) pol-
yarticular arthritis, (3) distal interphalangeal
joint (DIP) predominant, (4) spondylitis predom-
inant, and (5) arthritis mutilans. Although sev-
eral classification criteria for PsA have been
proposed since the initial Moll and Wright crite-
ria,5,6 the Classification of Psoriatic Arthritis
study group (CASPAR), based on the results of
an international study involving extensive
analysis of over 500 patients with PsA and 
500 patients with another inflammatory arthritis
serving as controls, has developed new classifi-
cation criteria for PsA to improve classification
sensitivity and specificity utilizing elements 
of history, exam, laboratory and X-ray 
(Table 32.1).7,8

It is known that psoriasis affects approxi-
mately 2–3% of the general population and the
prevalence of PsA in psoriasis patients is
between 6% and 39%.9,10 Telephone surveys
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recently conducted in Europe and in the US,
respectively, suggest a prevalence of 30%11 and
11%.12 This range is partly related to the lesser
severity of psoriasis in the US population stud-
ied, which may be correlated with difference in
PsA prevalence.12,13 It is also likely that the 
condition remains generally underdiagnosed,
related to lack of awareness by both the patient
and physician and subclinical presentation.14

Genetic epidemiology

The relative risk for PsA amongst first-degree
relatives is second only to ankylosing spondylitis
among rheumatic diseases, indicating a strong
genetic association.4,15 Current research evidence
points to a multifactorial pattern of inheritance15

with a possible parent-of-origin effect (paternal).16

The concordance of PsA in identical twins is
30–40%.17

PsA is associated with human leukocyte antigen
(HLA) class 1 alleles. Linkage with the short arm
of chromosome 6 has been shown, demonstrating
associations with HLA-B13, B-17, B-27, B-38, 
B-39, HLA-Cw6, and HLA-DRB1*07.18,19

IMMUNOPATHOGENESIS OF PsA

Synovial biopsy studies have documented 
the similarity of immunohistology of various

spondyloarthropathy (SpA) subsets, including
PsA and ankylosing spondylitis (AS), and 
distinction of these from rheumatoid arthritis
(RA), by such features as increased vascularity,
infiltration with polymorphonuclear cells (PMNs)
and CD163+ macrophages, and up-regulation of
Toll-like receptors 2 and 4.20–23 These findings
support the construct of SpA at least partly being
related to activation of the innate immune
system and presentation of ‘arthritogenic’ 
peptides to T cells, including infectious antigens.
Angiogenesis is prominent in both the synovium
and psoriatic skin lesions, driven by a number of
angiogenic growth factors such as vascular
endothelial growth factor (VEGF), transforming
growth factor (TGF)-β, and angiopoietins.22,24–27

Ample evidence now exists documenting the
central role of tumor necrosis factor (TNF)-α in
both PsA and psoriasis.22,28 High levels of TNF-α
are found in psoriatic skin lesions and in the syn-
ovial fluid, serum, and synovial tissue of patients
with PsA. TNF-α inhibition continues to gain
much attention, since biologic agents that block
its activity demonstrate significant benefit in PsA.
Studies of these agents re-confirm the central
role of TNF-α in the inflammation of PsA and
psoriasis. TNF-α is produced by macrophages,
keratinocytes, mast cells, monocytes, dendritic
cells, and activated T cells. It up-regulates
nuclear transcription factors, including NF-kB,
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Table 32.1 Diagnostic criteria for PsA (CASPAR)7,8

Established inflammatory articular disease (joint, spine, or entheseal) with 3 or more of the following

1. Psoriasis (a) Current* Psoriatic skin or scalp disease present today as judged 
by a qualified health professional

(b) History A history of psoriasis that may be obtained from patient,
or qualified health professional

(c) Family history A history of psoriasis in a first or second degree relative
according to patient report

2. Nail changes Typical psoriatic nail dystrophy including onycholysis, pitting,
and hyperkeratosis observed on current physical examination

3. A negative test for RF By any method except latex but preferably by ELISA or 
nephelometry, according to the local laboratory reference range

4. Dactylitis (a) Current Swelling of an entire digit
(b) History A history of dactylitis recorded by a qualified health professional

5. Radiological evidence of Ill-defined ossification near joint margins (but excluding
juxta-articular new bone formation osteophyte formation) on plain X-rays of hand or foot

*Current psoriasis awarded 2 points
Specificity 98.7%, sensitivity 91.4%
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resulting in enhanced expression of many 
molecules central to the inflammatory response,
including other cytokines (e.g. IL-1, IL-6) and
chemokines. In the joints, TNF-α mediates other
biological processes that can result in cartilage
and bone damage, including expression of 
metalloproteinases by fibroblasts and chondro-
cytes, maturation and activation of osteoclasts
from monocytic stem cells, and angiogenesis. In
relation to both the joints and the skin, TNF-α
induces the expression of endothelial, ker-
atinocyte, and dendritic cell surface adhesion
molecules such as intercellular adhesion 
molecule (ICAM)-1 and E-selectin (CD62E). In
addition to stimulating proinflammatory cells
and cytokines in the skin, a key role played by
TNF-α is promotion of keratinocyte hyperprolif-
eration and survival, which is important in the
psoriatic lesion.22,28,29

Other potential targets for therapy include
inhibition of cytokines IL-1, IL-6, IL-12, IL-15,
and IL-18, all of which are pathogenic through
pleiotropic cellular and cytokine mechanisms as
well as direct inhibition of cellular targets such
as T cells via blockade of ‘second signal’ path-
ways. Results of early work with agents which
target these cytokines and pathways will be
reviewed below. To date, inhibition of TNF con-
tinues to demonstrate the most comprehensive
effect in PsA, so most of these agents are being
tried in patients who have not responded 
adequately to or have had adverse effects from
anti-TNF therapy.

Recently, a Viennese group has developed an
animal model for psoriasis and PsA. Inducible
epidermal deletion of the gene JunB and its 
functional companion c-Jun in adult mice led to
the histologic and immunohistochemical 
hallmarks of psoriasis and arthritis. In humans,
JunB is a component of the activator protein 
1 (AP-1) transcription factor, localized in the 
psoriasis susceptibility region PSORS6, and has
diminished expression in human psoriatic skin
lesions. They further showed that development
of arthritis, but not psoriasis, required the 
presence of T and B cells and signaling through
tumor necrosis factor 1 (TNFR1). Their conclusion
was that deletion, or at least diminishment, of
JunB/AP-1 in keratinocytes induces chemokine/
cytokine expression, which in turn recruits

PMNs and macrophages to the epidermis, lead-
ing to both skin and joint lesions.30

OUTCOME MEASURES

For the most part, outcome measures have been
adapted from similar measures used in assess-
ment of RA and psoriasis. These are used both in
longitudinal studies of the natural history of PsA
and in clinical trials. These measures have been
shown to effectively assess peripheral joint and
skin inflammation, function, quality of life,
fatigue, and structural damage determined by 
X-ray, and distinguish treatment from placebo
(Table 32.2). Approaches to assessment of enthe-
sitis, dactylitis, and spine involvement are still in
development. Studies performed by members of
the Group for Research and Assessment of
Psoriasis and Psoriatic Arthritis (GRAPPA), an
international research consortia of rheumatolo-
gists and dermatologists, have begun the
process of validation of some of these measures
in PsA.31–34 A detailed review of these measures
is given elsewhere.35–37 An exercise to evaluate
the performance quality of composite measures
of disease activity and change, including the ACR
scoring system, the Disease Activity Score (DAS)
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Table 32.2 Examples of outcome measures used
in PsA clinical trials35,36

● Arthritis response
– ACR Response Criteria (including DIP and CMC

joints)
– Psoriatic Arthritis Response Criteria (PsARC)
– Disease Activity Score (DAS)

● Radiographic assessment
– Modified Sharp
– Modified van der Heijde/Sharp

● Skin response
– Psoriasis Area and Severity Index (PASI)
– Dermatologist Static Global
– Physician Global Assessment (PGA) of Psoriasis

● QOL/function improvement
– Short-Form 36 Health Survey (SF-36®)
– Health Assessment Questionnaire (HAQ) 

Disability Index
– Dermatology Life Quality Index (DLQI)
– Fatigue (FACIT)

*Current psoriasis = 2 points
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as employed in the EULAR Response Criteria
(both used in RA), and the Psoriatic Arthritis
Response Criteria (PsARC) was performed uti-
lizing the data from two phase 2 trials of anti-
TNF-α drugs in PsA. This demonstrated that
various modifications of the DAS scoring system
were the most sensitive and accurate measures
of disease activity and discrimination of change
between treatment and placebo groups,
although the ACR and PsARC systems per-
formed adequately.31

Several studies have documented the effec-
tiveness of ultrasound38–43 and MRI43–45 in detecting
inflammation in the joints and enthesium of 
PsA patients, as well as the extent of structural
damage. As these tools become more refined,
they also will enhance our ability to assess the
effectiveness of new therapies on the progres-
sion of joint damage in PsA.

PsA was the subject of a workshop at the 
seventh and module at the eighth biannual meet-
ing of the Outcome Measures in Rheumatology
(OMERACT) group. A core set of domains of the
disease to be included in PsA trials was agreed
upon and key outcome measures to assess these
domains were reviewed.46,46b

UPDATE ON CONVENTIONAL THERAPIES

Conventional disease-modifying anti-rheumatic
drugs (DMARDs) used in PsA such as
methotrexate and sulfasalazine, are not considered
as ‘targeted’ as the more highly specifically 
targeted biologic therapies, because of their
more non-specific immunomodulatory effects
and thus are not comprehensively reviewed here.
These agents were reviewed in the previous 
edition of this textbook47 and in a recent compre-
hensive review.48 Two studies conducted 
since the previous textbook should be noted. 
The agent leflunomide, a pyrimidine antagonist
approved in RA at a dose of 20 mg per day, was
assessed in 188 PsA patients. PsARC response,
the primary endpoint, was met by 59% of
leflunomide-treated patients compared with
29.7% of placebo-treated patients (p < 0.0001).
ACR 20 response was achieved by 36.3% and 20%,
respectively (p = 0.0138), and PASI 75 response 
by 17.4% and 7.8%, respectively (p = 0.048).49

As with methotrexate, liver function test 

abnormalities may be noted and need to be mon-
itored, an issue more paramount in patients who
are overweight and may have co-existent
hepatic steatosis (fatty liver).

In a separate study, 72 patients with incomplete
response to methotrexate were randomized to
placebo or addition of cyclosporine.50 At 48 weeks,
significant improvements in tender and swollen
joint count, CRP, PASI, and synovial ultrasound
score occurred in the combination group, but
statistical differentiation between the combina-
tion and methotrexate alone group occurred just
in PASI and ultrasound score.

UPDATE ON BIOLOGIC AGENTS FOR PsA

Biologic agents currently approved for treatment
of PsA, based on controlled phase 2 and 3 trials
and the safety database from these trials and the
RA database, include the anti-TNF-α compounds,
etanercept (Enbrel®),51 infliximab (Remicade®),52

and adalimumab (Humira®).53 Controlled 
phase 2 trials have been completed with the 
costimulatory blockade agents alefacept and
efalizumab. Pilot trials with other biologics in
development have been completed. Several
agents either approved or in development 
for RA and psoriasis, will likely be assessed 
in PsA.

TNF-a Inhibitors

The anti-TNF-α agents approved for use in PsA
and psoriasis include etanercept, infliximab, and
adalimumab. Etanercept and infliximab con-
tinue to be studied in patients, as originally
described in the first edition of this textbook.54

In the placebo-controlled portion of the phase
3 etanercept trial (n = 205), utilizing 25 mg
administered subcutaneously twice a week,
ACR 20 response was achieved by 59% of 
etanercept-treated patients vs 15% in the 
placebo group (42% and 41% on background
methotrexate respectively) (p < 0.0001) 
(Figure 32.1a).55 Skin response, as measured by
the PASI score which was considered evaluable
(BSA >3%) in 66 of the etanercept and 62 of the
placebo patients, showed a 75% improvement in
23% and 3%, respectively, at 24 weeks (p = 0.001)
(Figure 32.1b). A sub-study of this trial 
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established the minimal clinically important 
difference (MCID) of the HAQ score in PsA
(judged to be 0.22 in RA).56 Two different
methodologies were used: patient-derived to
characterize within-treatment group change and
standard error of measurement (SEM)-derived
to characterize within-subject change. The
former established a change of 0.3 units of HAQ
score and the latter 0.4 as clinically important
differences.57 A change of 0.51 was noted in the
etanercept group, significantly superior to the
placebo group. Improvement in quality of life
(SF-36) was also demonstrated in the treatment
group. Inhibition of progression of joint space
narrowing and erosions was shown, with 1 unit
of modified total Sharp score (mTSS) progres-
sion in the placebo group and none (−0.03 units)
in the etanercept group (p = 0.001) (Figure 32.1c).
A total of 169 patients participated in open-label
follow-up use of etanercept for between 1 and 
2 years. At the end of this time period, 64% 
and 63% of the originally etanercept-treated and
placebo patients, respectively, demonstrated an
ACR 20 response; 38% of all patients achieved a
PASI 75 response by 12 weeks, indicating an
enduring clinical response in joints and skin. 

The mTSS, evaluable in 141 patients at 2 years,
showed a change of −0.38 and −0.22 units in 
the original etanercept and placebo groups,
respectively, indicating continued inhibition of
structural damage.58,59 The drug was well 
tolerated and no new safety issues emerged
apart from those seen in clinical trial and general
clinical experience with etanercept.

A phase 3 study of infliximab in 200 PsA
patients (IMPACT II) has been completed.60

Baseline demographic and disease activity 
characteristics were similar to those of the 
etanercept phase 3 trial. At week 14, 58% of
infliximab patients and 11% of placebo patients
achieved an ACR 20 response (p < 0.001) 
(Figure 32.2a). Presence of dactylitis decreased in
the infliximab group (41% to 18%), compared
with the placebo group (40% to 30%) (p = 0.025).
Likewise, incidence of enthesitis, assessed by
palpation of the Achilles tendon and plantar
fascia insertions, decreased in the infliximab
group (42% to 22%) compared with the placebo
group (35% to 34%) (p = 0.016).61 At 24 weeks,
PASI 75 was achieved by 64% of the treatment
group and 2% of the placebo group (p < 0.001)
(Figure 32.2b). The median PASI response was
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Figure 32.1 Phase 3 trial of etanercept in PsA.55
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Phase 3 trial Etanercept in PsA
Patients = 205 randomized to etanercept, 25 mg sc twice weekly vs placebo.
Methotrexate, non-steroidal, and prednisone ≤ 10mg allowed. Etanercept     , placebo 

a)   Primary outcome: ACR 20, week 12: 59% patients on etanercept showed improvement vs 15% on
      placebo; 104 placebo, 101 etanercept.  
b)   PASI 75 (Psoriatic Area and Skin Index), an assessment of skin. PASI 75 scores showed an
      improvement in the etanercept group, at 24 weeks with 23% improvement vs 3% in placebo group
      (p = 0.001); 62 placebo, 66 etanercept.  
c)   Etanercept-treated patients did not show progression of total Sharp score week 48: erosion score,
      or joint space narrowing score, implying inhibition of progressive joint destruction compared with
      progressive changes in these scores in the non-etanercept group over 1 year.
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87% in ACR 20 responders and 74% in ACR 20
non-responders, suggesting that infliximab may
be effective in treating skin symptoms, even
when joints do not improve significantly.62

Utilizing the van der Heijde-Sharp scoring
method (hands and feet), modified for PsA,
infliximab-treated patients showed inhibition of
radiographic disease progression at 24 weeks,
compared with placebo patients, although 
PsA-specific radiographic features, including
pencil-in-cup deformities and gross osteolysis,
did not differ between the treatment groups, as
has been observed in other anti-TNF-α trials,
presumably due to the more fixed nature of
theses changes (Figure 32.2c).61 HAQ score
improved for 59% of infliximab patients, 
compared with 19% of placebo patients, while
both the physical and mental components of 
SF-36 scores improved for patients receiving
infliximab. The observed benefits obtained with
infliximab were sustained at 1 year in those 
originally on infliximab and when the placebo
group went on infliximab at 24 weeks, it too
achieved a similar degree of benefit.60

Adalimumab is a fully human anti-TNF-α
monoclonal antibody (mAb) administered 

subcutaneously, 40 mg, every other week or
weekly. It is approved for treatment of RA63–65

and was shown to be effective for PsA in an
open-label trial (n = 15).66 Safety and efficacy of
the 40 mg every other week dose was studied 
in a large (n = 313) phase 3 study, the
Adalimumab Effectiveness in Psoriatic Arthritis
Trial (ADEPT).67 At 12 weeks, 58% of patients
receiving adalimumab achieved ACR 20 com-
pared with 14% of patients receiving placebo 
(p < 0.001) (Figure 32.3a). This response rate did
not differ between patients taking adalimumab
in combination with methotrexate (50% of
patients) and those taking adalimumab alone,
similar to observations made in the etanercept
and infliximab trials. Mean improvement in
enthesitis and dactylitis was greater for patients 
receiving adalimumab, but this result did not
achieve statistical significance. In all, 138
patients were evaluable for PASI response; 
PASI 75 was achieved by 59% in the adali-
mumab-treated group and 1% in the placebo
group (p < 0.001) (Figure 32.3b). Radiographic
progression of disease was significantly inhib-
ited by adalimumab, as evaluated by X-rays of
hands and feet, using a modified Sharp score
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Figure 32.2 Phase 3 trial of infliximab in Ps/PsA.60
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Patients = 200 randomized to infliximab 5 mg/kg at baseline and weeks 2, 6, and 14 during the placebo-
controlled phase. Infliximab     , placebo
Background DMARDs, non-steroidals, and prednisone ≤ 10 mg allowed.

a)   Primary outcome: ACR20, week 14: 58% patients on infliximab group vs 11% placebo group
      (p < 0.001); 100 placebo, 100 infliximab.
b)   PASI 75 scores showed an improvement in the infliximab group, at 24 weeks with 64% vs 2%
      (p < 0.001); 87 placebo, 83 infliximab. 
c)   Total Sharp score implying inhibition of progressive joint destruction compared to progressive
      changes in these scores in the non-infliximab group (p < 0.001) at week 24; 100 placebo, 100
      infliximab. 
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(Figure 32.3c).67 Mean change in TSS was −0.2 
for patients receiving adalimumab and 1.0 
for patients receiving placebo (p < 0.001). 
Mean change in HAQ was −0.4 for adalimumab
patients and −0.1 for placebo patients (p < 0.001).
Mean change in the physical component of 
the SF-36 was 9.3 for the treatment group 
and 1.4 for the placebo group (p < 0.001). 
A second, smaller phase 3 study was 
performed and also showed significant efficacy
in the adalimumab-treated group in clinical
measures.68

In summary, the anti-TNF-α medications
have shown the greatest efficacy of any 
treatment to date in the various clinical aspects
of PsA. Their efficacy in joint disease activity,
inhibition of structural damage, function, and
quality of life is similar. There may be some 
differentiation in efficacy in the skin and 
enthesium, but all have excellent effects in these
domains. These agents tend to be well tolerated
and patients generally acclimate to their 
parenteral administration, especially when they
experience significant efficacy. Safety concerns
are present, such as risk for infection, but no new
concerns have arisen in the PsA population 
compared to the more extensively studied RA
patient experience.

Biologic medicines are much costlier to
develop and produce than conventional phar-
maceutical agents. Therefore, proper pharma-
coeconomic assessment of their utility must take
into account not only their cost but also the cost
of the disease on both the individual and society
in direct medical costs, including caring for
adverse effects, but also the cost of lost work
capacity and disability, diminished family and
social participation, and ability to perform 
activities of daily living. A highly effective 
medicine may be shown to be as cost-effective or
more so than less expensive therapies if it can be
shown to significantly lessen the cost of a 
worsening rheumatic disease. Recent studies
have demonstrated the cost-effectiveness of 
anti-TNF-α therapy in PsA.69–71

New anti-TNF-α agents are being developed
for use in PsA, including cimzia and golimumab,
each with advantages of infrequent subcutaneous
administration. Experience in management of RA
suggests that when a clinician switches from 
one of these agents to another, if the first has 
not had or has lost efficacy, or caused side
effects, a substantial percentage of patients will
respond to another medication in this class.72–74

Anecdotally, a similar experience has been noted
in the management of PsA patients.
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Figure 32.3 Phase 3 of adalimumab in PsA.67
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Phase III trial of adalimumab in PsA
Patients = 313 randomized to adalimumab, 40 mg qo wk vs placebo. Adalimumab     , placebo 
Background methotrexate, non-steroidals, and prednisone ≤ 10 mg allowed.

a)   Primary outcome: ACR 20, week 12: 58% patients on adalimumab group showed improvement
      vs 14% of placebo group (p < 0.001); 162 placebo, 151 adalimumab. 

b)   PASI 75 response in adalimumab group was 59% vs 1% in placebo at week 24 
      (p < 0.001); 69 placebo, 69 adalimumab. 

c)   Total Sharp score at week 24 showed the adalimumab group had less joint destruction
      than the non-adalimumab group (p < 0/001); 161 placebo, 150 adalimumab. 
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OTHER BIOLOGIC AGENTS

Alefacept is a fully human fusion protein that
blocks interaction between leukocyte function-
associated antigen (LFA)-3 on the antigen-
presenting cell and CD2 on the T cell, or by
attracting natural killer (NK) lymphocytes to
interact with CD2 to yield apoptosis of particular
T-cell clones.75 It is approved for treatment of
psoriasis76,77 and is administered weekly as a 15 mg
intramuscular injection, in a 12 weeks on, 12 weeks
off regimen in order to allow return of depleted
CD4 cells. An open-label trial (n = 11) of this
compound in PsA showed that more than 
one-half of patients achieved an ACR 20
response and a decrease of CD4, CD8, and CD68
cells in the synovial lining.75 A controlled trial 
(n = 185) showed that 54% of patients given a
combination of alefacept and methotrexate had
an ACR 20 response as compared with 23% in
the methotrexate alone group (p < 0.001) at 
week 24. PASI 75 results were 28% and 24%,
respectively.78,79

Efalizumab is a humanized mAb to the CD11
subunit of LFA-1 on T cells which inteferes with
its coupling with ICAM-1 on antigen-presenting
and endothelial cells. It interferes with activation
of T lymphocytes and migration of cells to the
site of inflammation. It is administered subcuta-
neously, once per week and is approved for use
in psoriasis.80 In a 12-week trial of efalizumab in
patients with PsA, 28% of patients achieved an
ACR 20 response versus 19% in the placebo
group (p = 0.2717). Since this response was 
not statistically significant, it cannot be clearly
recommended for treatment of arthritis.81

Abatacept (CTLA4-Ig) is a recombinant
human fusion protein that binds to the CD80/86
receptor on an antigen-presenting cell, thus
blocking the second signal activation of the
CD28 receptor on the T cell. It is administered
intravenously once per month and has been
approved for use in RA.82 A phase II trial for use
in psoriasis has been conducted.83 It is anticipated
that further assessment of this drug will be 
conducted for psoriasis and for PsA.

OTHER POTENTIAL TREATMENTS

A pilot trial of anti-IL-15 compound has shown
efficacy in PsA.84 A trial is currently under way

to assess the efficacy and safety of an IL-1 antag-
onist, anakinra, in PsA (IL-1 antagonist, anakinra,
in PsA). A mAb to the IL-6 receptor (MRA) is in
phase III development for the treatment of RA,
and will likely be tested in PsA.85,85a

A humanized antibody to the α-subunit
(CD25) of the IL-2 receptor has been tried for
psoriasis, but with some loss of efficacy noted
over time.86,87 Several inhibitors of IL-12 are
being evaluated in psoriasis, with good success
(C Leonardi, personal communication), and will
likely be assessed in PsA. It is anticipated that
inhibitors of IL-18 also will be studied.

Pioglitazone is a ligand for PPAR-γ originally
developed to treat diabetes and extended to PsA
because of the observation that it could inhibit
angiogenesis and down-regulate proinflamma-
tory cytokines.88 In an uncontrolled trial of
pioglitazone administered orally, 50% achieved
an ACR 20 response after 12 weeks.89 This agent
may be beneficial for treating PsA, but its 
efficacy must be evaluated in a controlled study.

A recombinant IL-10 agent demonstrated 
preliminary benefit in psoriasis;87,90 a controlled
study of this agent in PsA showed benefit in the
skin, but not in joints.91 Recombinant human 
IL-11 has been utilized in psoriasis, with prelim-
inary clinical and histological benefit noted.92

A mAb to CD3 has also demonstrated some 
benefit in PsA, although issues such as transient
T-cell depletion and mild cytokine release 
symptoms have been noted.93

CONCLUSION

Numerous studies have increased our under-
standing of the basic pathophysiology of PsA,
providing support for the clinical effects of 
targeted therapy, e.g. inhibition of TNF-α. The
consequent emerging treatments for PsA have
demonstrated significant benefit for clinical
signs and symptoms in the joints, enthesium,
and skin, inhibition of joint damage as assessed
by radiographic progression, and improved
quality of life and functional status. Agents that
block the cell–cell interactions required to 
activate T cells are effective in the skin and may
benefit the joints as well. Observation of 
the effectiveness of these agents has helped to
elucidate the pathogenesis of PsA and psoriasis
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which, in turn, may lead to more novel and
effective interventions.

Development of these targeted therapies has
also increased interest in the accurate diagnosis
and classification of PsA, which would facilitate
the institution of appropriate therapy in a timely
fashion. Significant efforts are under way to 
further develop and validate outcome measures
that accurately assess the effect of therapies and
determine the natural history of these diseases.
This effort, along with the development of 
evidence-based treatment guidelines and 
general educational initiatives, is being led by
international research consortia such GRAPPA
and other groups.

The benefits of biologic agents must be
weighed against their cost: patient improvement
and inhibition of disease progression on one
hand, versus allocating limited resources on 
the other. Comprehensive health economic analy-
ses are being developed to aid our ability to see
the full impact of these more effective treatments
on patient function, productivity, and quality of
life in the context of society as a whole.

REFERENCES

1. Mease P. Targeting therapy in psoriatic arthritis. Drug
Discovery Today 2004; 1(3): 389–96.

2. Kruithof E, Baeten D, De Rycke L et al. Synovial
histopathology of psoriatic arthritis, both oligo- and
polyarticular, resembles spondyloarthropathy more
than it does rheumatoid arthritis. Arthritis Res Ther
2005; 7(3): R569–80.

3. Husted JA, Gladman DD, Farewell VT, Cook RJ.
Health-related quality of life of patients with psoriatic
arthritis: a comparison with patients with rheumatoid
arthritis. Arthritis Rheum 2001; 45(2): 151–8.

4. Moll J, Wright V. Psoriatic arthritis. Semin Arthritis
Rheum 1973; 3: 55–78.

5. Helliwell P, Taylor W. Classification and diagnostic cri-
teria for psoriatic arthritis. Ann Rheum Dis 2005; 
64 (Suppl 2): ii3–ii8.

6. Taylor W, Marchesoni A, Arreghini M, Sokol K,
Helliwell P. A comparison of the performance charac-
teristics of classification criteria for the diagnosis of pso-
riatic arthritis. Semin Arthritis Rheum 2004; 34(3):
575–84.

7. Taylor W, Helliwell P, Gladman D et al. A validation of
current classification criteria for the diagnosis of psori-
atic arthritis–preliminary results of the CASPAR Study.
Ann Rheum Dis 2005; 64 (Suppl 3): 107.

8. Taylor W, Gladman D, Helliwell P et al. Classification
criteria for psoriatic arthritis: development of new 
criteria from a large international study. Arthritis
Rheum 2006; 54: 2665–73.

9. Leonard DG, O’Duffy JD, Rogers RS. Prospective analy-
sis of psoriatic arthritis in patients hospitalized for pso-
riasis. Mayo Clin Proc 1978; 53(8): 511–18.

10. Shbeeb M, Uramoto KM, Gibson LE, O’Fallon WM,
Gabriel SE. The epidemiology of psoriatic arthritis 
in Olmsted County, Minnesota, USA, 1982–1991. 
J Rheumatol 2000; 27(5): 1247–50.

11. Salonen S. The EUROPSO psoriasis patient study: treat-
ment history and satisfaction reported by 17,900 mem-
bers of European psoriasis patients associations (poster).
In: Spring Symposium of the European Academy of
Dermatology and Venereology, Malta, 2003.

12. Gelfand J, Gladman D, Mease P et al. Epidemiology of
psoriatic arthritis in the population of the United States.
J Am Acad Dermatol 2005; 53: 573.

13. Gladman D, Antoni C, Mease P, Clegg DO, Nash P.
Psoriatic arthritis: epidemiology, clinical features,
course, and outcome. Ann Rheum Dis 2005; 64 (Suppl 2):
ii14–ii17.

14. Offidani A, Cellini A, Valeri G, Giovagnoni A.
Subclinical joint involvement in psoriasis: magnetic res-
onance imaging and X-ray findings. Acta Derm
Venereol 1998; 78(6): 463–5.

15. Rahman P, Elder J. Genetic epidemiology of psoriasis
and psoriatic arthritis. Ann Rheum Dis 2005; 64 (Suppl 2):
ii37–ii9.

16. Rahman P, Gladman D, Schentag C, Petronis A.
Excessive paternal transmission in psoriatic arthritis.
Arthritis Rheum 1999; 42: 1228–31.

17. Sege-Peterson K, Winchester R. Psoriatic arthritis. In:
Freedberg IM, Eisen AZ, Wolff K et al. eds. Fitzpatrick’s
Dermatology in General Medicine, 5 edn. New York:
McGraw Hill, 1999: 522–3.

18. Gladman DD, Farewell VT, Pellett F, Schentag C,
Rahman P. HLA is a candidate region for psoriatic
arthritis. evidence for excessive HLA sharing in sibling
pairs. Hum Immunol 2003; 64(9): 887–9.

19. Gladman DD, Anhorn KA, Schachter RK, Mervart H.
HLA antigens in psoriatic arthritis. J Rheumatol 1986;
13(3): 586–92.

20. Baeten D, Kruithof E, De Rycke L et al. Infiltration of the
synovial membrane with macrophage subsets and
polymorphonuclear cells reflects global disease activity
in spondyloarthropathy. Arthritis Res Ther 2005; 7(2):
R359–69.

21. De Rycke L, Vandooren B, Kruithof E et al. Tumor
necrosis factor alpha blockade treatment down-
modulates the increased systemic and local expression of
Toll-like receptor 2 and Toll-like receptor 4 in spondy-
larthropathy. Arthritis Rheum 2005; 52(7): 2146–58.

UPDATE ON TARGETED THERAPY IN PSORIATIC ARTHRITIS 409

9781841844848-Ch32  8/13/07  10:54 AM  Page 409



22. Veale D, Ritchlin C, FitzGerald O. Immunopathology of
psoriasis and psoriatic arthritis. Ann Rheum Dis 2005;
65 (Suppl 2): ii26–ii29.

23. Kruithof E, Baeten D, De Rycke L et al. Synovial
histopathology of psoriatic arthritis, either oligo- or poly-
articular, resembles more spondyloarthropathy than
rheumatoid arthritis [abstract]. Arthritis Rheum 2004;
50 (Suppl 431): S209.

24. Kuroda K, Sapadin A, Shoji T, Fleischmajer R, Lebwohl M.
Altered expression of angiopoietins and Tie2 endothe-
lium receptor in psoriasis. J Invest Dermatol 2001;
116(5): 713–20.

25. Markham T, Fearon U, Mullan R et al. Anti-TNF alpha
therapy in psoriasis: clinical and angiogenic responses.
Br J Dermatol 2003; 143 (Suppl 59): 40.

26. Fearon U, Griosios K, Fraser A et al. Angiopoietins,
growth factors, and vascular morphology in early
arthritis. J Rheumatol 2003; 30(2): 260–8.

27. Creamer D, Sullivan D, Bicknell R, Barker J. Angiogenesis
in psoriasis. Angiogenesis 2002; 5(4): 231–6.

28. Mease P. TNFalpha therapy in psoriatic arthritis and
psoriasis. Ann Rheum Dis 2004; 63(7): 755–8.

29. Krueger J, Bowcock A. Psoriasis pathophysiology: 
current concepts of pathogenesis. Ann Rheum Dis 2005;
64 (Suppl 2): ii30–ii36.

30. Zenz R, Eferl R, Kenner L et al. Psoriasis-like skin 
disease and arthritis caused by inducible epidermal
deletion of Jun proteins. Nature 2005; 437(7057): 369–75.

31. Fransen J, Antoni C, Mease P et al. Performance of
response criteria for assessing peripheral arthritis in
patients with psoriatic arthritis: analysis of data from
randomized, controlled trials of two tumor necrosis
factor inhibitors. Ann Rheum Dis 2006; 65:1373–8.

32. Husted JA, Gladman DD, Cook RJ, Farewell VT.
Responsiveness of health status instruments to changes
in articular status and perceived health in patients with
psoriatic arthritis. J Rheumatol 1998; 25(11): 2146–55.

33. Husted JA, Gladman DD, Farewell VT, Long JA, Cook RJ.
Validating the SF-36 health survey questionnaire in
patients with psoriatic arthritis. J Rheumatol 1997;
24(3): 511–17.

34. Singh A, Mease P, Yu E et al. Health Assessment
Questionnaire has similar psychometric properties in
psoriatic arthritis and rheumatoid arthritis. Arthritis
Rheum 2005; 52 (Suppl 9): S402.

35. Mease P, Antoni C, Gladman DD, Taylor W. Psoriatic
arthritis assessment tools in clinical trials. Ann Rheum
Dis 2005; 64 (Suppl 2): ii49–ii54.

36. Gladman DD, Helliwell P, Mease PJ et al. Assessment of
patients with psoriatic arthritis: a review of currently
available measures. Arthritis Rheum 2004; 50(1): 24–35.

37. van der Heijde D, Sharp J, Wassenberg S et al. Psoriatic
arthritis imaging: a review of scoring methods. Ann
Rheum Dis 2005; 64 (Suppl 2): ii61–ii64.

38. Wakefield RJ, Balint PV, Szkudlarek M et al.
Musculoskeletal ultrasound including definitions for
ultrasonographic pathology. J Rheumatol 2005; 32(12):
2485–7.

39. D’Agostino MA, Said-Nahal R, Hacquard-Bouder C 
et al. Assessment of peripheral enthesitis in the spondy-
larthropathies by ultrasonography combined with
power Doppler: a cross-sectional study. Arthritis
Rheum 2003; 48(2): 523–33.

40. De Simone C, Guerriero C, Giampetruzzi AR et al.
Achilles tendinitis in psoriasis: clinical and sonographic
findings. J Am Acad Dermatol 2003; 49(2): 217–22.

41. Kane D, Greaney T, Bresnihan B, Gibney R, FitzGerald O.
Ultrasonography in the diagnosis and management 
of psoriatic dactylitis. J Rheumatol 1999; 26(8): 1746–51.

42. Klauser A, Halpern EJ, Frauscher F et al. Inflammatory
low back pain: high negative predictive value of con-
trast-enhanced color Doppler ultrasound in the detec-
tion of inflamed sacroiliac joints. Arthritis Rheum 2005;
53(3): 440–4.

43. Ory P, Gladman DD, Mease P. Psoriatic arthritis and
imaging. Ann Rheum Dis 2005; 64 (Suppl 2): ii55–ii57.

44. Baraliakos X, Braun J. Magnetic resonance imaging in
spondyloarthropathies. Joint Bone Spine 2006; 73(1):
1–3.

45. McGonagle D, Gibbon W, O’Connor P et al.
Characteristic magnetic resonance imaging entheseal
changes of knee synovitis in spondylarthropathy.
Arthritis Rheum 1998; 41(4): 694–700.

46. Gladman DD, Mease PJ, Krueger G, et al. Outcome
measures in psoriatic arthritis. J Rheumatol. 32(11):
2262-9, 2005.

46a. Gladman D, Mease P, Strand V, et al. Consensus on a
core set of domains for psoriatic arthritis. J Rheum.
2007;34:1167-70.

46b. Gladman D, Mease P, Healy P, et al. Outcome measures
in psoriatic arthritis. J Rheum. 2007;34:1159-66.

47. Mease PJ. Psoriatic arthritis/psoriasis. In: Smolen JS,
Lipsky PE, eds. Targeted Therapies in Rheumatology.
London: Martin Dunitz, 2003: 525–48.

48. Nash P, Clegg DO. Psoriatic arthritis therapy: NSAIDs
and traditional DMARDs. Ann Rheum Dis 2005; 
64 (Suppl 2): ii74–ii77.

49. Kaltwasser JP, Nash P, Gladman D et al. Efficacy and
safety of leflunomide in the treatment of psoriatic
arthritis and psoriasis. Arthritis Rheum 2004; 50(6):
1939–50.

50. Fraser AD, van Kuijk AW, Westhovens R et al. A ran-
domised, double blind, placebo controlled, multicentre
trial of combination therapy with methotrexate plus
ciclosporin in patients with active psoriatic arthritis.
Ann Rheum Dis 2005; 64(6): 859–64.

51. Enbrel® (Etanercept) prescribing information.
Thousand Oaks, CA: Immunex Corporation, 2003.

410 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch32  8/13/07  10:54 AM  Page 410



52. Remicade (infliximab) prescribing information.
Malvern, PA: Centocor Inc., 2003.

53. HumiraTM (adalimumab) prescribing information.
North Chicago, IL: Abbott Laboratories., 2003.

54. Mease PJ. Psoriatic arthritis/psoriasis. In: Smolen JS,
Lipsky PE, eds. Targeted Therapies in Rheumatology.
London: Martin Dunitz, 2003: 525–48.

55. Mease P, Kivitz A, Burch F et al. Etanercept treatment of
psoriatic arthritis: safety, efficacy, and effect on disease
progression. Arthritis Rheum 2004; 50(7): 2264–72.

56. Wells GA, Tugwell P, Kraag GR et al. Minimum impor-
tant difference between patients with rheumatoid
arthritis: the patient’s perspective. J Rheumatol 1993;
20(3): 557–60.

57. Mease P, Ganguly L, Wanke E, Yu E, Singh A. How
much improvement in functional status is considered
important by patients with active psoriatic arthritis:
applying the outcome measures in rheumatoid arthritis
clinical trials (OMERACT) group guidelines. Ann
Rheum Dis 2004; 63 (Suppl 1): 391 (abstract).

58. Mease P, Kivitz AJ, Burch FX et al. Continued inhibition
of radiographic progression in patients with psoriatic
arthritis following 2 years of treatment with etanercept.
J Rheumatol 2006; 33: 712–21.

59. Mease P, Ruderman EM, Ritchlin C, Ory P, Tsuji W.
Etanercept in psoriatic arthritis: sustained improve-
ment in joint and skin disease and inhibition of radi-
ographic progression at 2 years. Ann Rheum Dis 2004;
63 (Suppl 1) (OP0136): 99 (abstract).

60. Antoni C, Krueger GG, de Vlam K et al. Infliximab
improves signs and symptoms of psoriatic arthritis:
results of the IMPACT 2 trial. Ann Rheum Dis 2005;
64(8): 1150–7.

61. Van der Heidje D, Gladman D, Kavanaugh A et al.
Infliximab inhibits progression of radiographic damage
in patients with active psoriatic arthritis: 54 week
results from IMPACT 2. Arthritis Rheum 2005; 
52 (Suppl 9): S281.

62. Mease P, Kavanaugh A, Krueger G et al. Infliximab
improves psoriasis regardless of arthritis response in
patients with active psoriatic arthritis: results from
IMPACT 2 Trial. Arthritis Rheum 2004; 50 (Suppl 9):
S616 (abstract).

63. Weinblatt ME, Keystone EC, Furst DE et al.
Adalimumab, a fully human anti-tumor necrosis factor
alpha monoclonal antibody, for the treatment of
rheumatoid arthritis in patients taking concomitant
methotrexate: the ARMADA trial. Arthritis Rheum
2003; 48(1): 35–45.

64. van de Putte LB, Atkins C, Malaise M et al. Efficacy and
safety of adalimumab as monotherapy in patients with
rheumatoid arthritis for whom previous disease modi-
fying antirheumatic drug treatment has failed. Ann
Rheum Dis 2004; 63(5): 508–16.

65. Furst DE, Schiff MH, Fleischmann RM et al.
Adalimumab, a fully human anti tumor necrosis factor-
alpha monoclonal antibody, and concomitant standard
antirheumatic therapy for the treatment of rheumatoid
arthritis: results of STAR (Safety Trial of Adalimumab in
Rheumatoid Arthritis). J Rheumatol 2003; 30(12): 2563–71.

66. Ritchlin C, Anandarajaha A, Totterman S et al.
Preliminary data from a study of adalimumab in the
treatment of psoriatic arthritis. Ann Rheum Dis 2004; 63
(Suppl 1): 403 (abstract).

67. Mease P, Gladman D, Ritchlin C. Adalimumab in the
treatment of patients with moderately to severely active
psoriatic arthritis: results of ADEPT. Arthritis Rheum
2005; 58: 3279–89.

68. Genovese M, Mease P, Thomson G et al. Adalimumab
efficacy in patients with psoriatic arthritis who failed
prior DMARD therapy. Ann Rheum Dis 2005; 64 
(Suppl 3): 313.

69. Marra CA. Valuing health states and preferences of
patients. Ann Rheum Dis 2005; 64 (Suppl 3): 36.

70. Guh D, Bansback N, Nosyk B, Melilli L, Anis A.
Improvement in health utility in patients with psoriatic
arthritis treated with adalimumab (Humira). Ann
Rheum Dis 2005; 64 (Suppl 3): 401.

71. Bansback N, Barkham N, Ara R et al. The economic
implications of TNF-inhibitors in the treatment of pso-
riatic arthritis. Arthritis Rheum 2004; 50 (Suppl 9): S509.

72. Hansen KE, Hildebrand JP, Genovese MC et al. The effi-
cacy of switching from etanercept to infliximab in
patients with rheumatoid arthritis. J Rheumatol 2004;
31(6): 1098–102.

73. Haraoui B, Keystone EC, Thorne JC et al. Clinical 
outcomes of patients with rheumatoid arthritis after
switching from infliximab to etanercept. J Rheumatol
2004; 31(12): 2356–9.

74. Bombardieri S, Tzioufas AG, McKenna F et al. Efficacy
evaluation of adalimumab (Humira) in patients with
single and multiple prior biologics in the ReAct trial.
Arthritis Rheum 2004; 50 (Suppl 9): S187 (abstract).

75. Kraan MC, van Kuijk AW, Dinant HJ et al. Alefacept
treatment in psoriatic arthritis: reduction of the effector
T cell population in peripheral blood and synovial
tissue is associated with improvement of clinical signs
of arthritis. Arthritis Rheum 2002; 46(10): 2776–84.

76. Krueger GG, Papp KA, Stough DB et al. A randomized,
double-blind, placebo-controlled phase III study evalu-
ating efficacy and tolerability of 2 courses of alefacept in
patients with chronic plaque psoriasis. J Am Acad
Dermatol 2002; 47(6): 821–33.

77. Lebwohl M, Christophers E, Langley R et al. An inter-
national, randomized, double-blind, placebo-controlled
phase 3 trial of intramuscular alefacept in patients with
chronic plaque psoriasis. Arch Dermatol 2003; 139(6):
719–27.

UPDATE ON TARGETED THERAPY IN PSORIATIC ARTHRITIS 411

9781841844848-Ch32  8/13/07  10:54 AM  Page 411



78. Mease P, Gladman D, Keystone E. Efficacy of alefacept
in combination with methotrexate in the treatment of
psoriatic arthritis. Ann Rheum Dis 2005; 64 (Suppl 3):
324 (abstract).

79. Mease P, Gladman D, Keystone E. Alefacept in combi-
nation with methotrexate for the treatment of psoriatic
arthritis: results of a randomized, double-blind,
placebo-controlled study. Arthritis Rheum 2006; 54:
1638–45.

80. Lebwohl M, Tyring SK, Hamilton TK et al. A novel tar-
geted T-cell modulator, efalizumab, for plaque psoriasis.
N Engl J Med 2003; 349(21): 2004–13.

81. Papp K, Mease P, Garovoy M et al. Efalizumab in
patients with psoriatic arthritis: results of a phase II 
randomized double-blind placebo controlled study. 
In: International Psoriasis Symposium, Toronto; 10 June 
2004.

82. Kremer JM, Westhovens R, Leon M et al. Treatment of
rheumatoid arthritis by selective inhibition of T-cell
activation with fusion protein CTLA4Ig. N Engl J Med
2003; 349(20): 1907–15.

83. Abrams JR, Lebwohl M, Guzzo C. CTLA4Ig-mediated
blockade of T cell co-stimulation in patients with psori-
asis vulgaris. J Clin Invest 1999; 103: 1243–52.

84. McInnes IB, Gracie JA. Interleukin-15: a new cytokine
target for the treatment of inflammatory diseases. Curr
Opin Pharmacol 2004; 4(4): 392–7.

85. Nishimoto N YK, Miyasaka N et al. Long-term safety
and efficacy of anti-interleukin 6 receptor antibody
(MRA) in patients with rheumatoid arthritis. Arthritis
Rheum 2003; 48 (Suppl 9): S126.

85a. Gibbs A, Gogarty M, Bresnihan B, et al. Moderate clini-
cal response and absence of MRI or immunohistological

change suggests that anakinra is ineffective in psoriatic
arthritis. Arth Rheum. 2006; 54(Suppl 9):S719

86. Krueger JG, Walters IB, Miyazawa M et al. Successful 
in vivo blockade of CD25 (high-affinity interleukin 2
receptor) on T cells by administration of humanized
anti-Tac antibody to patients with psoriasis. J Am Acad
Dermatol 2000; 43: 448–58.

87. Jung JH ZT, Kavanaugh A. Other biologic therapy.
Heidelberg: Springer-Verlag, 2005.

88. Mease PJ. Recent advances in the management of 
psoriatic arthritis. Curr Opin Rheumatol 2004; 16(4):
366–70.

89. Bongartz T, Coras B, Vogt T, Scholmerich J, Muller-
Ladner U. Treatment of active psoriatic arthritis with
the PPARgamma ligand pioglitazone: an open-label
pilot study. Rheumatology (Oxford) 2005; 44(1): 126–9.

90. Reich K, Garbe C, Blaschke V et al. Response of psoria-
sis to interleukin-10 is associated with suppression of
cutaneous type 1 inflammation, downregulation of the
epidermal interleukin-8/CXCR2 pathway and normal-
ization of keratinocyte maturation. J Invest Dermatol
2001; 116(2): 319–29.

91. McInnes IB, Illei GG, Danning CL et al. IL-10 improves
skin disease and modulates endothelial activation and
leukocyte effector function in patients with psoriatic
arthritis. J Immunol 2001; 167(7): 4075–82.

92. Trepicchio WL, Ozawa M, Walters IB et al. Interleukin-
11 therapy selectively downregulates type I cytokine
proinflammatory pathways in psoriasis lesions. J Clin
Invest 1999; 104(11): 1527–37.

93. Utset TO, Auger JA, Peace D et al. Modified anti-CD3
therapy in psoriatic arthritis: a phase I/II clinical trial. 
J Rheumatol 2002; 29(9): 1907–13.

412 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch32  8/13/07  10:54 AM  Page 412



33

Spondyloarthritides
Joachim Sieper and Jürgen Braun

Introduction • Treatment of AS with NSAIDs • Treatment with DMARDs • Treatment with TNF blockers
• References

INTRODUCTION

This chapter is an update of the chapter in the
previous edition on targeted therapies in
spondyloarthritides (SpA) and will only discuss
studies that have been published since then. 
Recent years have confirmed the unique posi-
tion of the tumor necrosis factor (TNF) blocking
agents for the treatment of patients with SpA,
especially in active ankylosing spondylitis (AS),
while data on other forms of SpA are still quite
limited.

Most recently recommendations for the man-
agement of AS have been published for the first
time, which were developed by an international
group of experts inside the ‘ASsessment in
Ankylosing Spondylitis’ (ASAS) working group
and as part of the EULAR recommendations for
various rheumatic diseases.1 These recommen-
dations summarize in 10 bullet points the most
important points for the treatment of AS.

Non-steroidal anti-inflammatory drugs
(NSAIDs) and TNF blockers are regarded in
these recommendations as the most important
and only effective part of drug treatment which
has to be combined during the entire course of
the disease with non-pharmacologic treatments.
NSAIDs are recommended as first-line drug 
therapy for AS patients with pain and stiffness.
Corticosteroid injections directed to the local 
site of musculoskeletal inflammation are useful
in experienced centers but the use of systemic

corticosteroids for axial disease is not supported
by evidence. Similarly, there is no evidence for the
usefulness of disease-modifying anti-rheumatic
drugs (DMARDs), including sulfasalazine and
methotrexate, to treat axial disease, but sul-
fasalazine may be useful in patients with periph-
eral arthritis. Anti-TNF therapy should be given
to patients with persistently high disease activity
and failure of other treatments according to the
ASAS recommendations.2

TREATMENT OF AS WITH NSAIDs

The Cox-II selective drug etericoxib given in a
doses of 90 mg/day was shown to be not more
effective than 120 mg but more effective than
1000 mg/day naproxen in a 1 year treatment
study of AS.3 A recent study allocated a total of 215
patients to receive either continuous treatment
with NSAIDs or only on demand for a period of
2 years.4 Most interestingly, there was signifi-
cantly less radiographic progression in the con-
tinuous treatment group in comparison with the
on-demand treatment group, suggesting that
NSAIDs may have disease-controlling proper-
ties. In this study there was no increased toxicity
in the continuous treatment group. However,
the fact that the overall level of clinical disease
activity was not clearly different between 
the groups during the 2-year treatment period
raises the question whether such a possible 
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disease-controlling effect is due to the anti-
inflammatory action of these drugs or whether
there are additional independent effects. 
More data are needed in the future to confirm
these exciting findings and to address 
these questions.

TREATMENT WITH DMARDs

The use of DMARDS for the treatment of axial
disease in SpA has been rather disappointing,
which is also reflected in the ASAS/EULAR 
recommendations. In a meta-analysis sulfasalazine
has been shown to improve SpA-associated
peripheral arthritis, but not spinal pain.5 In a
recent multicenter randomized controlled trial
of sulfasalazine in undifferentiated SpA and
early AS a small efficacy on spinal pain was
noted, since patients with inflammatory back
pain (IBP) but no peripheral arthritis had a 
significantly larger improvement in disease
activity than the placebo group despite using
less NSAIDs.6 However, since all groups
improved and since other subgroups were not
different from placebo it is difficult to draw 
definite conclusions from this study.

Methotrexate is commonly used in rheumatoid
arthritis (RA) with good results, improving
symptoms and slowing the progression of 
erosive disease. This is clearly different in AS,
suggesting different pathomechanisms of these
diseases. In a recent systematic review on the
use of methotrexate in AS, the conclusion was
that there is no evidence for an effect on IBP and
inconclusive evidence of efficacy for peripheral
joint disease.7 The only randomized controlled
trial of methotrexate in AS has failed to show a
significant effect of 7.5 mg oral methotrexate
weekly on spondylitis, while some improve-
ment of peripheral arthritis was reported in that
study.8 A recent open-label trial treating 
20 active AS patients with 20 mg methotrexate
s.c. for 16 weeks also did not detect an effect on
axial symptoms, with some limited effect on
peripheral arthritis.9 Thus, methotrexate should
not be used for the treatment of axial manifesta-
tions but (similar to other DMARDs) might have
some role in the therapy of peripheral arthritis.
Similarly, leflunomide is effective in treating the
symptoms and slowing radiographic change in

RA. However, recent studies in AS suggest that
it is not effective for the axial manifestations of
AS,10,11 while patients with peripheral arthritis
may have had some benefit from this agent.10

Leflunomide is effective in the treatment of pso-
riatic arthritis.12

There are only two open studies with conflicting
results addressing the efficacy of the interleukin
(IL)-1 receptor antagonist anakinra in AS. In the
first study, nine patients with active AS were
treated with 100 mg anakinra given as a daily
subcutaneous injection for 3 months. Significant
improvement was observed both in clinical
parameters and in acute inflammatory lesions
determined by MRI.13 This efficacy could not be
confirmed in another open study treating 20 AS
patients with the same dosage over 6 months.
There was no change in the disease activity index
or other clinical parameters, but also no change
in bony inflammation, as detected by MRI.14

TREATMENT WITH TNF BLOCKERS

The introduction of TNF blockers has been the
most substantial development in the treatment
of AS and other SpA in the last few years. All
three such agents – infliximab, etanercept, and
adalimumab – have now been approved for the
treatment of active AS. This success of anti-TNF
treatment is likely to be a class effect because
there is no major difference in their efficacy
regarding the rheumatic manifestations. There is
even some evidence that this therapy works
better in AS and other SpA than in RA.15

Large randomized controlled trials of 
infliximab16,17 and etanercept18,19 have shown
impressive short-term improvements in spinal
pain, function, and inflammatory markers as
compared with placebo. Uniformly, at least 50%
of patients reach a 50% improvement of their
disease activity as judged by the BASDAI 50 or
the ASAS 40 improvement criteria, while this
level of improvement is only achieved in about
10% of the placebo patients. Furthermore, about
25% of patients can be expected to achieve 
partial remission despite previous failure of
NSAID treatment. Recently, one open-label20

and one placebo-controlled double-blind study21

showed very similar results for adalimumab in
the treatment of AS.
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Long-term follow-up data have been published
for treatment with both infliximab and etanercept.
The survival rate for infliximab treatment after 
3 years was 69%;22,23 efficacy has been seen to
persist over this time. However, if treatment
with infliximab was stopped patients relapsed
between week 7 and 45, and by week 52 all
except one patient out of 41 (97.6%) became
active again. When treatment with inflixmab
was commenced again all except one patient
responded similarly to the first time and the
drug was well tolerated.22

The good efficacy of infliximab on signs and
symptoms is paralleled by a clear reduction of
active spinal inflammation as detected by
MRI.24,25 When AS patients were followed over 
2 years of treatment with infliximab there was
even a further reduction of inflammation over this
time.26 However, the value of this drug as a dis-
ease modifier has not been clarified. No significant
radiologic progression of disease as assessed 
by the modified SASSS (Stoke Ankylosing
Spondylitis Spine Score), validated for use in scor-
ing X-rays in AS,27 was seen in a small number of
AS patients.28 However, more data are needed.

The efficacy of etanercept in AS has also been
demonstrated29 and recently reconfirmed in 
two large multicenter randomized placebo-
controlled trials.18,19 In contrast to other studies,
the patients were allowed to continue DMARD
and corticosteroid medication, and this occurred
in about 30% of the patients. Patients from one of
these randomized controlled studies29 were
enrolled in an open extension trial, after several
months without therapy.30 These patients have
now been followed for 2 years after restart of
treatment with etanercept.31 This study design
allowed two important conclusions to be made:
the beneficial effect of therapy with etanercept
does not persist after cessation of active drug;
and response to therapy on re-introduction of
etanercept shows a similar efficacy and safety
profile to that in treatment-naïve patients. 
In another study 277 patients were enrolled in 
1 of the randomized controlled trials over 
24 weeks and subsequently all treated with etan-
ercept and followed up in an open-label exten-
sion trial for a further 72 weeks.32 After 2 years,
200 of the patients (72%) were still being treated
with the drug; 50% of patients showed an ASAS 

50% response at week 48 and 54% of the patients
reached this level of response at week 96.

MRI results during treatment were also
reported from the same two studies. From the
larger study MRI of the spine was available at
baseline, week 12, week 24, and week 48.33 After
12 weeks spinal inflammation regressed by 54%
in the etanercept group but worsened by 13% in
the placebo group. In the second study, MRI of
the spine and/or the sacroiliac joint was 
performed at baseline (n = 25), after 6 weeks (end
of placebo-controlled phase, n = 20), and after 
24 weeks of continuous treatment with etanercept
(n = 12). Significant regression of spinal inflam-
mation was already seen after 6 weeks in
patients treated with etanercept but not in
patients with placebo. Continuous treatment
with etanercept for 24 weeks resulted in a 
further decrease of inflammation.34

A reduction of acute inflammation in spine
and sacroiliac joint was also found in the small
open-label trial with adlimumab over 1 year of
treatment.20

Infliximab35 and etanercept36 were also 
effective in small studies in undifferentiated
SpA. Similar to infliximab,37 etanercept38 has
been shown to be effective for peripheral joint
and skin symptoms in patients with psoriatic
arthritis. Etanercept is effective for SpA associated
with inflammatory bowel disease (IBD) regarding
joint and spine but not gut symptoms.39 In line
with that, etanercept has no effect on IBD.40 This
is in contrast to infliximab, which has been
approved for Crohn’s disease41 and ulcerative
colitis.42 Thus, etanercept is not recommended
for the comparatively small SpA subgroup with
concomitant IBD.

Most recently data from four placebo-
controlled trials with TNF blockers for the treatment
of AS (two with etanercept and two with 
infliximab) were analyzed for the incidence of
reported flares of anterior uveitis during 
treatment.43 The calculated frequency of flares of
anterior uveitis in the placebo group was 
15.6 per 100 patient-years, while patients treated
with TNF blockers had significantly less flares
(mean of 6.8 flares per 100 patient-years). Flares
occurred less frequently in patients treated with
infliximab (3.4 per 100 patient-years) than in those
treated with etanercept (7.9 per 100 patient-years),
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although this difference was not significant.
However, while treatment with TNF blockers
can reduce the frequency of anterior uveitis, the
exact role of TNF blocker in the treatment of
severe treatment refractory cases of anterior
uveitis has still to be defined.

Recommendations on which AS patients
should be treated with TNF blockers were 
published in 200344 and confirmed in 20062 after
3 years of experience with the treatment of 
AS with TNF blockers: patients should have a
definite diagnosis of AS, should be active
despite an adequate treatment with NSAIDs,
should have a disease activity as measured by
the BASDAI of at least 4 (on a scale between 
0 and 10) or higher and should have other objec-
tive signs of inflammation, as judged by an
expert, normally a rheumatologist. Treatment
should only be continued after 6–12 weeks if
there is at least 50% improvement of the BASDAI
or an absolute improvement of 2 points on the
BASDAI scale between 0 and 10. A prediction of
response to anti-TNF therapy is difficult, patients
with shorter disease duration, elevated C-reactive
protein (CRP), and, possibly, positive MRI find-
ings may have better benefit from this treatment.45

Cost-effectiveness is always an issue when
expensive therapies such as the TNF blockers are
discussed. Despite the relative expense of inflix-
imab compared with more traditional therapies
for musculoskeletal disease, it was recently
demonstrated that the significant clinical bene-
fits16 and improvement in quality of life with
infliximab result in lower disease-associated costs
than standard care, resulting in an approximate
short-term cost of approximately £35 000 per
quality-adjusted life year (QALY) gained,46 an
amount of money societies might be willing to
pay. In another analysis of two of the randomized
placebo-controlled studies, one with infliximab16

and one with etanercept,29 these calculated costs
were higher.47 When modeling for long-term
therapy, using annual disease progression of 0.07
on BASFI in the sensitivity analysis, the cost per
QALY gained is reduced to £9600.46
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EARLY DISEASE

In recent years, treatment of rheumatoid arthri-
tis (RA) has changed beyond recognition.
Advances in the identification, linked with an
understanding of the prognosis of patients with
inflammatory arthritis, has enabled early initia-
tion of effective therapies. It is recognized that
suppression of inflammation should be as rapid
as possible.1–3 Persistent inflammation leads to
damage, with substantial irreversible damage
occurring within the first 2 years of symptoms.2

This rate of damage occurrence appears to be
greater in the earlier phase of the disease, rather
than being simply cumulative. Permanent
damage leads to disability, which in turn leads
to costs, both to the individual and society.
Treatment strategies have developed based on
principles taking account of the above.

‘Early’ disease has often been defined as
symptom duration of less than 2 years (although
in earlier studies this was conventionally
defined as less than 5 years).4 The concept of a
‘window of opportunity’ suggests that there
may be a time-frame early in the disease process
in which there may be a disproportionate
response to therapy that results in long-term
sustained benefits.5 Currently it is not clear
whether this may occur during the first 1 or 
2 years of disease onset, or may be just limited to
a few months.

Objective measures of damage include bone
erosions on radiographs,6 but ultrasound (US)7

and magnetic resonance imaging (MRI)8 have
also been increasingly used to detect early 
erosions not yet detectable by conventional 
radiography. Local osteoporosis assessed by
dual-energy X-ray absorptiometry (DEXA) has
been used as a measure of the impact of inflam-
mation on bone, and shows that rapid bone loss
occurs early in the disease process. It is accepted
that the degree of damage is associated with the
amount of inflammation present.9 Loss of 
function, which correlates with the level of
inflammation, also occurs early.10 It is recognized
that there is a ‘therapeutic window of opportunity’
in which early treatment provides better outcomes
than treatment later in the disease.1 This stage
may represent a time of potentially transient
reversibility of damage. With early treatment, it
has been shown there is a reversal of functional
loss,10 less erosive change, and improvements in
bone density measurements with DEXA.9

BIOLOGICAL THERAPY

Anti-tumor necrosis factor (TNF) therapy was
first assessed in patients’ refractory to traditional
disease-modifying anti-rheumatic drug (DMARD)
therapy.11 Studies of anti-TNF agents confirmed
their effectiveness in treating established disease
in patients with ongoing inflammation and joint
destruction, despite DMARD therapy. The bio-
logics had a good safety profile, with few
adverse events. What was not clear was whether
anti-TNF would be as successful in treating early
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patients compared to conventional DMARDs
given earlier.

Etanercept in early RA

The Early Rheumatoid Arthritis (ERA) study
was designed to determine whether TNF
monotherapy was superior to traditional
DMARD therapy used early in the disease.12

A total of 632 patients with early erosive disease 
(< 3 years) received etanercept or methotrexate
monotherapy. Those patients receiving anti-TNF
therapy had a faster clinical response (with more
patients achieving an ACR 20/50/70) at 6 months
and these differences were apparent within the
first 2 weeks of therapy. Both groups had good
clinical outcomes at 12 months and a profound
reduction in the rates of progression of 
radiographic damage.12 Etanercept halted 
erosions in 72% of patients compared with 60%
of those receiving methotrexate. There was a
good correlation between clinical improvement
and the reduction in radiographic progression.
Interestingly, this study did not demonstrate
superiority of a biologic agent over methotrexate
in methotrexate-naïve patients with early 
disease (at the primary endpoint of 12 months).
Two issues may explain these somewhat unex-
pected results. Firstly, the methotrexate regimen
was more aggressive than traditionally used
regimes, both with earlier initiation of therapy
and more rapid escalation (0 to 20 mg in 8 weeks).
Secondly, the patient population had a high
number of responders to methotrexate. The
patient population was naïve to methotrexate,
and generally patients respond better to their
first therapy than subsequent treatments. 
As regards symptoms and signs within the
responder population, patients did as well on
methotrexate as etanercept, and thus the 
effective difference between the two therapies
was confined to the higher number of metho-
trexate non-responders. This represents a much
smaller proportion of the total population than
would have been predicted.

What was clear from this study was that early
aggressive treatment is imperative to providing
better outcomes. An open-label extension study
showed some advantages of etanercept over
methotrexate in reducing disease activity and

structural damage at 2 years.13 ACR response
rates were maintained for the duration of the
study. Etanercept was also more effective in
improving quality of life (QoL) during this time.

Infliximab in early RA

ATTRACT was one of the key studies in the 
efficacy of biologic therapy in RA.14 In patients
with long-standing disease with active 
inflammation despite methotrexate, combina-
tion therapy halted joint progression and
improved QoL, as would be expected with the
reduction in disease burden achieved with 
adequate suppression of inflammation. Control
of inflammation was rapid with infliximab. Over
half of responders had achieved this response
within a fortnight and 90% within 6 weeks.11

A subgroup of the ATTRACT patient population14

had disease duration of less than 3 years. The
patients in this cohort had been given one of five
dosing regimens including methotrexate
monotherapy or combination with various 
regimens of infliximab. As in all infliximab studies
(after phase III) it was used with methotrexate, so
the relative benefits of monotherapy versus
methotrexate could not be tested. Combination
infliximab and methotrexate inhibited structural
damage in patients with early disease during the
2 years of treatment, and worked equally well in
early and late disease. This sub-analysis was 
retrospective, had small numbers, and was not
adequately powered to draw firm conclusions.
However, it did support the early use of TNF to
prevent initial damage.

A large multicenter trial, ASPIRE, evaluated
efficacy of infliximab in combination with
methotrexate versus methotrexate alone in
methotrexate-naïve, early RA patients.15 In all,
1049 patients were enrolled into one of three
treatment arms: methotrexate/placebo or
methotrexate/infliximab (3 mg/kg or 6 mg/kg).
Superior clinical, functional, and radiological
outcomes were seen at 1 year in the combination
group. DAS 28 remission rates were significantly
higher, with 31.0% of patients in the combination
infliximab (6 mg/kg) group achieving remission
compared with 15.0% of those receiving
monotherapy. This trial confirmed that erosive
joint disease occurs early and supported the
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need for early, aggressive therapy. It demonstrated
that the combination of methotrexate and 
anti-TNF was superior to methotrexate alone in
preventing progression of joint destruction,16

improving clinical responses, and reducing 
disability.17

Adalimumab in early RA

The PREMIER study allowed the assessment 
of the impact of the combination by comparing
the two monotherapies, adalimumab and metho-
trexate, with the combination of the two.18

Importantly PREMIER showed that at 2 years
50% of the patients treated with the combination
were in clinical remission, providing a gold 
standard outcome for new poor prognosis
patients (they were selected for likelihood of
developing erosions). In all, 799 patients in the
PREMIER study had disease duration of less
than 3 years (mean 0.7 years). The co-primary
endpoint of ACR 50 response was achieved in
61% of combination patients, but in only 46%
and 42% of those patients receiving monotherapy
(with methotrexate and adalimumab, respectively).
Change in total Sharp score was significantly
lower in the combination group, indicating sig-
nificantly less radiological progression. ACR
20/50/70 responses were significantly better by
week 2 in the combination group, and this result
was sustained over the 2-year period. Although
adalimumab and methotrexate monotherapy
had equivalent clinical outcomes at 2 years,
there was twice as much radiographic damage
in the methotrexate group.19 Again, use in 
combination with methotrexate in early 
disease showed superior clinical outcomes and
inhibition of structural damage when compared
with either agent as monotherapy. Combination 
therapy was superior to methotrexate mono-
therapy in improvement of health-related 
QoL, physical function, and structure, reducing
radiologic progress by 80% compared with
methotrexate.20 Overall rates of adverse 
events were comparable among treatment
groups. ERA and PREMIER demonstrated that
anti-TNF monotherapy was equivalent to
methotrexate for managing symptoms and
signs, but TNF blockade was superior for
damage prevention.

The findings in PREMIER and ASPIRE support
early aggressive intervention in RA. Both studies
confirm that combination therapy with anti-
TNF-α and methotrexate has rapid onset of
effect and superior long-term clinical and radio-
logic outcomes. However, these studies had 
‘sacrificed’ the earliness of disease duration for
poor prognostic factors (patients were selected
for either the presence of erosions or factors 
predicting erosions).

HIGH DOSE ANTI-TNF AS POTENTIAL REMISSION-
INDUCTION THERAPY

We have aimed for remission for some time;21

for the first time it has become an attainable goal.
A small pilot study22 was performed to 
determine whether a high dose induction TNF
therapy regimen could induce sustained imaging
remission. Five patients with poor prognosis RA
were given high dose infliximab (10 mg/kg) at
weeks 0, 2, 6, and 14. These patients all had early
disease with minimal X-ray damage – MRI was
used as both selection and outcome measures.
By selection, using the presence of synovitis on
MRI, the study population has increased homo-
geneity and increased the power of the study.
After the first induction phase, one patient had
clinical remission but no patients achieved 
imaging remission (MRI and US) according to
the protocol. Patients were re-induced; however,
there were no further improvements in response
to the re-induction. Furthermore, all patients
relapsed on ceasing infliximab. This study 
concluded that any variability in response to
infliximab was not due to insufficient drug and
that short-term treatment did not lead to 
drug-free remission.

Remission-induction with 12 months infliximab
treatment

Quinn et al.23 performed a 12-month double-blind
randomized placebo-controlled trial with the
aim of remission-induction in patients with early
poor prognosis RA. Twenty patients received
methotrexate and induction infliximab/placebo,
then 8 weekly infusions through to 46 weeks. The
primary endpoint was synovitis as measured by
MRI. However, there was the opportunity to
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look at the long-term impact of 12 months of
infliximab. At 1 year, all MRI scores were 
significantly better in the infliximab group, with
no new erosions. Improvement in joint counts
was rapid and seen within 2 weeks in the active
group and significant differences were seen in
functional and QoL measures. Importantly, in
the cohort that received early infliximab 
therapy, response was sustained 12 months after
therapy was ceased, with a median disease
activity score in 28 joints (DAS 28) of 2.05 
(remission range) at 2 years, with median HAQ
(Health Assessment Questionnaire) and QoL
also normal. Functional benefits and QoL were
also maintained at 24 months. This was one of
the first studies to demonstrate the feasibility 
of sustained remission following a course of 
infliximab therapy. The question was whether
this was a ‘one-off’ in a selected population or a
genuine reproducible event. The answer was
provided by BeSt.

BeSt study

The BeSt trial was a multi-center, single-blind
study.24,25 A total of 508 patients with < 2 years 
of symptoms were randomized to 1 of 4 treat-
ment arms: sequential monotherapy starting
with methotrexate, step-up therapy from
methotrexate, step-down (including initial high
dose oral prednisolone), or combination
methotrexate/infliximab. Adjustments in doses
were made at 3 monthly intervals with the 
goal of achieving DAS 44 ≤ 2.4. Co-primary 
endpoints were functional ability (measured by
HAQ) and radiographic damage (measured by
modified Sharp/Van der Heijde score [SHS]). 
A significantly greater and more rapid improve-
ment in function (as measured by HAQ) was
seen with the initial combination treatment and
initial treatment with infliximab and methotrex-
ate. Mean HAQ scores at 3 months were 0.6 on
groups 3 and 4, compared with 1.0 in groups 
1 and 2. At 12 months, there was still a clinically
detectable difference between the groups 
(0.5 [groups 3 and 4] versus 0.7 [groups 1 and 2]).
There was also significantly less radiologic
damage than with sequential monotherapy or
step-up therapy. In the group receiving inflix-
imab, 46% showed no radiologic progression at

1 year (versus 29% and 37% in the monotherapy
or step-up patients, respectively). Also, 53%,
64%, 71%, and 74% of patients in groups 1–4,
respectively, achieved DAS44 ≤ 2.4 at 12 months.
Only the differences between group 1 versus
groups 3 and 4 were significant. After 6 months
in remission, four patients stopped infliximab
and in the second year, approximately 50% of
patients were able to stop their infliximab yet
remain in remission. This provided further 
support that combination anti-TNF-α blocker
and methotrexate was optimal in the treatment
of early RA.

SUMMARY

It is recognized that there is a ‘therapeutic
window of opportunity’ in which early treatment
provides better outcomes than treatment later in
the disease.5 The ultimate goal of treatment is 
prevention of arthritis by modification of the
underlying disease process. Although a proportion
of early patients will have good responses to tra-
ditional DMARDs, anti-TNF therapies provide
more rapid control of inflammation and better
long-term outcomes (in combination with
methotrexate). However, they are substantially
more expensive than standard DMARDs. This
raises the question that if you treat aggressively
later, rather than early, can you ever ‘catch up’
with respect to disease suppression? A further
question is whether biologic therapy can induce a
sustainable remission. Early trials have shown
positive results; however, numbers were small
and as yet there are no longer-term data. In this
era of exciting new developments, further
research is needed to determine optimal use of
these resources, with the ultimate aim of arthritis
remission and eventual prevention of the disease.

REFERENCES

1. Nell VPK, Machold KP, Eberl G et al. Benefit of very
early referral and very early therapy with disease 
modifying anti-rheumatic drugs in patients with 
early rheumatoid arthritis. Rheumatology 2004; 43:
906–14.

2. Van der Heide A, Jacobs JWG, Bijlsma JWJ et al. The
effectiveness of early treatment with anti-rheumatic
drugs: a randomised controlled trial. Ann Intern Med
1996: 124; 699–707.

422 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch34  8/10/07  11:10 AM  Page 422



3. Emery P. Early arthritis. In: Smolen JS, Lipsky PE, eds.
Targeted Therapies in Rheumatology. London: Martin
Dunitz, 2003: 509–13.

4. Quinn MA, Conaghan PG, Emery P The therapeutic
approach of early intervention for rheumatoid arthritis:
what is the evidence? Rheumatology 2001; 40: 1211–20.

5. Quinn M, Emery P. Window of opportunity in ERA:
possibility of altering disease process with early inter-
vention. Clin Exp Rheumatol 2003; 21 (Suppl.31):
S154–7.

6. Abu-Shakra M, Toker R, Flusser D et al. Clinical and
radiographic outcomes of rheumatoid arthritis in
patients not treated with disease modifying drugs.
Arthritis Rheum 1998; 41: 1190–5.

7. Wakefield RJ, Gibbon W, Conaghan P et al. The value of
sonography in the detection of cortical bone erosions: a
comparative study with conventional radiography.
Arthritis Rheum 2000; 43(12): 2762–70.

8. McGonagle D, Conaghan P, O’Connor P et al. The rela-
tionship between synovitis and bone changes in early
untreated RA – a controlled MRI study. Arthritis
Rheum 1999; 42: 1706–11.

9. Gough AK, Lilley J, Eyre S et al. Generalised bone loss
in patients with early rheumatoid arthritis occurs early
and relates to disease activity. Lancet 1994; 344: 23–7.

10. Devlin J, Gough A, Huissoon A et al. The acute phase
and function in early rheumatoid arthritis. CRP levels
correlate with functional outcome. J Rheumatol 1997;
24: 9–13.

11. Maini R, St Clair EW, Breedveld F et al. Infliximab
(chimeric anti-tumour necrosis factor α monoclonal
antibody) versus placebo in rheumatoid arthritis
patients receiving concomitant methotrexate: a ran-
domised phase III trial. Lancet 1999; 354: 1932–9.

12. Bathon, JM, Martin RW, Fleischman RM et al. A com-
parison of etanercept and methotrexate in patients with
early rheumatoid arthritis. N Engl J Med 2000; 343(22):
1586–93.

13. Genovese MC, Bathon JM, Martin RW et al Etanercept
versus methotrexate in patients with early rheumatoid
arthritis – two year radiographic and clinical outcomes.
Arthritis Rheum 2002; 46 (6): 1443–50.

14. Breedveld FC, Emery P, Keystone E et al. Infliximab in
active early rheumatoid arthritis. Ann Rheum Dis 2004;
63: 149–55.

15. St Clair EW, van der Heijde MFM, Smolen JS et al.
Combination of infliximab and methotrexate therapy
for early rheumatoid arthritis. Arthritis Rheum 2004;
50(11): 3432–43.

16. Van der Heijde D, Emery P, Bathon J et al. Reduction in
radiographic progression in the hands and feet of
patients with early rheumatoid arthritis after receiving
infliximab in combination with methotrexate. Arthritis
Rheum 2005; 52 (Suppl): S739.

17. Smolen J, Han C, Bala M et al. Patients with early
rheumatoid arthritis achieved a clinically meaningful
and sustained improvement in physical function after
treatment with infliximab. Arthritis Rheum 2005; 52
(Suppl): S37.

18. Breedveld FC, Weissman MH, Kavanaugh AF et al. 
The efficacy and safety of adalimumab plus MTX vs
adalimumab or MTX alone in the early treatment of RA:
1 and 2 year results of the PREMIER Study. Ann Rheum
Dis 2005; 64 (Suppl III): 60.

19. Van der Heijde D Landewe R, Keystone EC et al.
Adalimumab (HUMIRA) plus MTX prevents nearly all
Severe radiographic progression observed with
methotrexate monotherapy in early, aggressive
rheumatoid arthritis. Arthritis Rheum 2005; 52 (Suppl):
S110.

20. Weisman M, Strand V, Cifaldi MA et al. Adalimumab
(HUMIRA) plus methotrexate is superior to MTX alone
in improving physical function, as measured by the 
SF-36, in patients with early rheumatoid arthritis.
Arthritis Rheum 2005; 52 (Suppl): S395.

21. Emery P, Salmon M. Early rheumatoid arthritis: time to
aim for remission Ann Rheum Dis 1995; 54(12): 944–7.

22. Conaghan P, Quinn M, O’Connor P et al. The impact of
a very high dose TNF blockade on new rheumatoid
arthritis patients: a clinical and imaging pilot study.
Arthritis Rheum 2002; 46(7): 1971–2.

23. Quinn M, Conaghan PG, O’Connor PJ et al. Very 
early treatment with infliximab in addition to
methotrexate in early, poor-prognosis rheumatoid
arthritis reduces magnetic resonance imaging evidence
of synovitis and damage with sustained benefit after
infliximab withdrawal. Arthritis Rheum 2005; 52(1):
27–35.

24. Vries-Bouwstra JK, Goekoop-Ruiterman YPM, Van
Zeben D et al. A comparison of clinical and radiological
outcomes of four treatment strategies for early rheuma-
toid arthritis: results of the BeSt Trial. Ann Rheum Dis
2004; 50(Suppl): 4096.

25. Goekoop-Ruiterman YPM, Vries-Bouwstra JK, Allaart
CF et al. Clinical and radiographic outcomes of four 
different treatment strategies in patients with early
rheumatoid arthritis (the BeSt Study). Arthritis Rheum
2005; 52(11): 3381–90.

EARLY ARTHRITIS 423

9781841844848-Ch34  8/10/07  11:10 AM  Page 423



9781841844848-Ch34  8/10/07  11:10 AM  Page 424



35

Juvenile arthritis
Patricia Woo

Introduction • Impact of juvenile idiopathic arthritis • Types of juvenile idiopathic arthritis • Imbalances in
cellular and cytokine networks • Genetic influences and possible targets • Therapeutic cytokine modulation
• TNF-a blockade • Potential risks from TNF blockade • Other immunomodulation • Trial design and ethi-
cal considerations • Practical management of new therapies • Conclusion • References

INTRODUCTION

For children and young people with severe juve-
nile idiopathic arthritis (JIA), whose disease is
uncontrolled by conventional disease-modifying
drugs and steroids, a new group of therapies
with exciting potential has emerged. Research
examining cellular and cytokine control of
inflammation in JIA has provided some of the
scientific rationale for therapeutic agents targeting
biological pathways. These biological agents
include antagonists to cytokines such as tumor
necrosis factor (TNF)-α, and blockade of
cytokine signaling (e.g. interleukin (IL)-1 and 
IL-6), which have shown early promise by 
producing dramatic clinical benefit in many 
children with JIA and other autoimmune 
diseases. However, despite targeting specific
molecules, the therapeutic actions of these new
agents remain non-specific, producing variable
clinical responses that raise additional ethical
and administrative considerations.

IMPACT OF JUVENILE IDIOPATHIC ARTHRITIS

JIA affects 1 in 1000 children.1 For the majority of
children with polyarticular disease, methotrexate
and other second-line agents2,3 have improved
the prognosis of this group of diseases. However,
significant numbers (approximately 30%) of

children with JIA are refractory to conventional
management, and suffer in addition the cumulative
side effects of long-term immunosuppressive
medication. Such disease activity results in 
joint damage, which often necessitates joint
replacement, severe growth retardation, chronic
pain, and functional disability. There is also a
significant impact on emotional and psychological
development, lifestyle, and employment.4,5 It is
to this group of patients that biological therapy
is currently targeted.

TYPES OF JUVENILE IDIOPATHIC ARTHRITIS

The classification of chronic arthritis in children
has been a clinical one, attempting to separate
the heterogeneous spectrum of disease into
more homogeneous subgroups according to
clinical features at presentation and their 
prognosis. There were two systems of classifica-
tion in use from the 1970s, which were not 
identical (Table 35.1). An international taskforce
convened by the International League of
Associations of Rheumatology (ILAR) proposed
and subsequently revised a unifying classifica-
tion which aimed to produce clinically homoge-
neous subgroups that are mutually exclusive, 
so as to aid research into pathogenesis and 
therapeutic studies.6 The discussions in this
chapter will use this ILAR classification.
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Since there are no obvious infectious triggers
or reproducible observations of seasonality in
any of these diseases, they are regarded at 
present as autoimmune diseases. The persistent
inflammatory response is perceived by current
researchers to depend on the balance of the
immune and inflammatory mediators, which
can be reactive to foreign antigens or self-
antigens, but are also controlled genetically.
Imbalances in cellular functions and interactions,
and in pro- and anti-inflammatory cytokines,
have been found in JIA. Modulation of these
imbalances is the rationale for the development
of newer biological therapies, as is the case for
other rheumatic diseases. In addition, the case
can be strengthened in JIA, where there are
genetic variations that are proinflammatory.

IMBALANCES IN CELLULAR AND 
CYTOKINE NETWORKS

A type 1 T-cell response (predominance of 
interferon (IFN)-γ-producing cells) is found in
the synovial fluid and membranes of children
with oligoarticular, polyarticular, and enthesitis-
related arthritis, but not in the peripheral blood
mononuclear cells, indicating sequestration

and/or in situ differentiation and polarization of
T cells.7,8 Currently, there are no data on the type
of synovial T-cell response in systemic arthritis,
but there is one report of a mixed type 1 and 
2 response in the peripheral blood mononuclear
cells.9 Differences between rheumatoid arthritis
(RA) and JIA include:

1. the lack of IgM rheumatoid factor (RF),
except for the subgroup of RF-positive
arthritis, which constitutes about 1% of 
all JIA

2. the presence of IFN-γ and interleukin 
(IL)-4-producing cells in the synovial fluid
and synovium of JIA

3. the variable levels of TNF-α and its soluble
receptor (sTNFR) in subgroups.

4. the multisystem inflammation seen in 
systemic JIA.

Evidence that the pathological processes in
JIA are cytokine-dependent includes the positive
correlation of serum and synovial concentrations
of various cytokines with disease activity.10–12

The effects of proinflammatory cytokines on syn-
ovial cells and osteoclasts are well described, and
it is clear that the general principle of using
antagonists of proinflammatory cytokines is
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Table 35.1 Comparison of the classifications of arthritis in children

ARA: Juvenile Rheumatoid EULAR: Juvenile chronic ILAR: Juvenile Idiopathic
Arthritis (1977) Arthritis (1977) Arthritis(1977)

Pauciarticular (four or less joints Pauciarticular (four or less joints Oligoarticular (four or less joints
affected, includes RF+, extended, affected, includes RF+, extended, affected, RF− only)
some psoriatic and ERA as some ERA and psoriatics as defined
defined in ILAR) in ILAR)

Extended oligoarticular (RF− only)
Polyarticular (includes RF+ and RF−, Polyticular (includes RF+ and RF−, some Polyarticular, RF−

some psoriatics and ERA as ERA and psoriatics as defined 
defined in ILAR) in ILAR)

Polyarticular RF+

Systemic Systemic Systemic
Juvenile ankylosing Probable and definite juvenile Enthesitis-related arthritis (not all would
Spondyloarthritis excluded ankylosing spondylitis fit juvenile ankylosing spondylitis 

as in EULAR)
Psoriatics included in pauci/poly Psoriatics included in pauci/poly Psoriatic arthritis

Unclassified

The categories are in bold type.
ERA, enthesis-related arthritis; RF, rheumatoid factor.
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applicable to JIA as well. The issue is whether
there is a ‘master cytokine’ to target.

Research so far in JIA suggests that there are
different cytokine imbalances in at least three
areas. Systemic JIA is characterized by quotidian
fevers, transient rash, enlargement of the reticu-
loendothelial system, serositis, and systemic
vasculitis, in addition to arthritis. These patients
have a vigorous acute phase response and their
serum cytokine profiles reflect excess production
of IL-6 and its agonist sIL-6R,13,14 although other
proinflammatory cytokines are also present.11,15

The ratio of TNF and its natural inhibitor,
sTNFR, is higher in the synovial fluid of pol-
yarticular JIA as compared with enthesitis-related
arthritis, consistent with a more aggressively ero-
sive disease in the former.16 The difference
between oligoarticular and polyarticular JIA is
that IL-4 is detected only in the synovium and
fluid in oligoarticular JIA,7,8 even though both
showed type 1 T-cell responses. An additional
important consideration is the genetic compo-
nent of the imbalance.

GENETIC INFLUENCES AND 
POSSIBLE TARGETS

It is clear that HLA association studies have
identified class II antigens in case-control as well
as family association studies. HLA-DR*0801 has
been identified as being the genetic background
of early-onset JIA, particularly oligoarticular
JIA.17 The exception is systemic JIA. How these
class II antigens present peptides in JIA versus
controls is an active area of research, and could
yield novel therapeutic approaches.

The cytokine milieu is influential in the process
of antigen presentation, cellular polarization, and
apoptosis. Thus, the balance of pro- and anti-
inflammatory cytokines is important in the 
outcome of inflammation. Studies of genetic
associations with variants of pro- and anti-inflam-
matory cytokines have shown interesting results
in JIA. Our case-control study of the IL-10 gene
has shown that the low IL-10-producing variant is
significantly associated with extended oligoarticu-
lar JIA, suggesting a genetic effect on disease
severity.18,19 This genetic variant was also shown
to be a severity factor for asthma.20 More recently
we have also found association of this allele with

sJIA in a case-control study.21 Thus the role of 
regulatory T and possibly B cells that secrete IL-10
in these diseases merits further research. Recent
studies of the TNF-α gene suggest that the –308
variant is associated with severity in a sample of
Turks,22 and a Japanese sample population.23 This
variant has been shown to influence transcription
of the TNF-α gene.24 A more comprehensive
analysis of all the nucleotide variants in the regula-
tory region of the TNF-α gene has been reported
recently for oligoarticular JIA, using a family
study.25 The function of the haplotypes remains
to be characterized. Other associations include
the macrophage inhibitory factor (MIF) and IL-6.
MIF was found to have a genetic variant in the
regulatory region which is significantly associ-
ated with all types of JIA, but its functional 
significance awaits further characterization.26

The IL-6 gene has several variants in its regula-
tory region, and the –174 gene variant has a
dominant effect on gene expression, and has
been shown to be associated with systemic JIA in
case-control as well as in family studies.27, 28 Its
biological significance is illustrated by its associ-
ation with type I and II insulin-dependent dia-
betes, peak bone mass in adolescent young men,
increased bone turnover in postmenopausal
women, and survival after coronary bypass
graft. Confirmation of these studies as well as
analysis of the interaction of these genetic influ-
ences would provide the scientific basis for new
biological therapies in each of these types of
arthritis in children.

THERAPEUTIC CYTOKINE MODULATION

Cytokine modulation aims to restore homeosta-
sis by influencing a perceived imbalance of
cytokines or by promoting a particular cellular
response. Established therapies have been
shown to alter production of cytokines at the
level of transcription and translation. Corticos-
teroids and cyclosporin A inhibit nuclear factors
important for gene expression,29–31 thalidomide
enhances TNF-α mRNA degradation,32 and
leflunamide inhibits signal transduction path-
ways by blocking tyrosine phosphorylation.33 In
contrast, the principal means of TNF blockade,
and of current new biologicals, is to block the
molecule itself from interacting with cells, using
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monoclonal neutralizing antibodies or recombi-
nant soluble cytokine receptors. Receptor inter-
ference is achieved by using naturally derived
cytokine antagonists (e.g. recombinant IL-1ra)
and by using monoclonal antibodies (mAbs, 
e.g. anti-IL-6R).

TNF-a BLOCKADE

Etanercept is licensed for use in children in the
USA and Europe. It is a recombinant protein
consisting of the binding portion of the human
soluble TNF-α receptor attached to the Fc 
portion of human IgG. It neutralizes TNF by
binding with an affinity 50–1000 times that 
of the naturally occurring TNF receptors, and
has a longer half-life. It may also exert its effect
by binding other cytokines, such as lympho-
toxin. It has a UK licence for use in children aged
4–17 years who show an inadequate response to,
or are intolerant of, methotrexate. Early safety
and efficacy data in children less than 4 years of
age are encouraging.34 It is administered by sub-
cutaneous injection twice weekly, for an indefi-
nite period, and may be used with or without
methotrexate.

The most detailed trial to date enrolled 
69 patients with chronic polyarthritis of variable
etiology and unresponsive to maximum conven-
tional treatment.35 The duration of the study was
1 year, although 5-year follow-up data are now
available.36 The initial study had a novel design,
in that all patients received etanercept for the
first 3 months, while all other medications,
except low dose steroids and non-steroidal anti-
inflammatory drugs (NSAIDs), were stopped.
Figure 35.1 shows the structure of the trial and
the patient responses. Non-responders in the
first 3 months were withdrawn from stage 2 of
the study, as they required additional therapy.
The definition of improvement was as described
by Giannini et al.37 Seventy-four per cent of all
patients benefited over the first 3 months. A sec-
ondary endpoint was the time to flare of disease:
during the 7 months after randomization, 77% of
those receiving placebo flared at a median of 
28 days, whereas only 24% of those still receiv-
ing etanercept flared at a median of 116 days.
During the final, open-label phase, 74% of all
patients benefited, 64% of patients improving by
50% and 36% improving by 70% (Figure 35.1).
There are limitations to the interpretation of this
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Figure 35.1 The three phases of the trial of etanercept in children with polyarticular JIA. In part 1, both groups received 

etanercept. In part 2, patients were blinded and randomized to receive etanercept or placebo. Part 3 was again open-label, with

all patients receiving the active agent.35,36
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study, but given that the patient population 
represents the more severe end of the disease
spectrum, this is a remarkable response to 
treatment. At a median 2.3 years of subsequent
treatment, 67% of all patients had a 70%
improvement in disease activity. Other smaller
studies have found similar improvements in pol-
yarticular JIA,38 and juvenile anklylosing
spondylitis,39 and there are reports of benefit
from the simultaneous use of methotrexate.40

Infliximab is a chimeric human–murine mAb
that binds both soluble and cell-bound TNF-α.
Infliximab is given by intravenous infusions,
and combination treatment with methotrexate is
recommended to avoid the development of
tachyphylaxis to the murine component of the
agent. There is a licence for its use in adults with
RA, and although there is no current license for
its use in children, there are anecdotal reports of
its success in JIA.41–43 High dose anti-TNF 
therapy is now being piloted, showing early 
success in systemic JIA.43 Table 35.2 shows a
comparison of the two agents used in JIA.
Finally, Humira is another humanized recombi-
nant antibody that is licensed for adult use, but
may be applicable to larger children with JIA.

POTENTIAL RISKS FROM TNF BLOCKADE

Etanercept appears to be well tolerated by chil-
dren. Although headache, nausea, abdominal
pain, and vomiting were more common in 
children than were reported by adults treated

with etanercept for RA, this did not result in dis-
continuation of treatment. Reports of skin
rashes, some at the site of injection, and some
vasculitic, have not led to discontinuation of 
the drug. There are no reports of increased risk
from infection, but this remains a theoretical
possibility.

There have been isolated case reports of
aplastic anemia, severe leukopenia, and pan-
cytopenia, and a possible association with
demyelinating diseases of the central nervous
system in adults receiving TNF blockade. The
theoretical increased risk of malignancy, over
that of the disease itself, has not been reflected
clinically,45 but 10 years of follow-up is still 
insufficient to determine the long-term risk. 
The risk of infection, including tuberculosis 
reactivation, is thought to be higher with the use
of anti-TNF agents, particularly infliximab.46 In a
recent double-blind placebo-controlled trial of
infliximab in children with JIA, the incidence 
of infusion reaction and development of anti-
body to the drug were four times as high in the 
3 mg/kg dose range when given every 8 weeks,
but dropped to approximately 7% at 6 mg/kg
equivalent to the incidence obtained in adult
trials. There are reports that adult patients
receiving both types of TNF antagonist may
develop antibodies to anti-nuclear antigen and
dsDNA, and precipitate the clinical development
of systemic lupus erythematosus (SLE) or a
lupus-like syndrome.47,48 There have been no
reports of dsDNA or lupus so far in children.
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Table 35.2 Comparison of etanercept and infliximab

Etanercept Infliximab

Licensed indications Polyarticular JIA failing to respond to, or Not licensed
intolerant of, methotrexate

Half-life 70 h 200 h
Dose 0.4 mg/kg (maximum 25 mg) 3 mg/kg at week zero, 2, 6, 8, and 14 weekly

twice weekly thereafter
Route of administration Subcutaneous injection Intravenous infusion
Side effects Risk of sepsis Risk of sepsis, tachyphylaxis
Cost of vials Four 25 mg vials – £325 100 mg vial – £451
Cost per yeara £4225 £4059

aCosts based on 30-kg child and using same vial of etanercept for both weekly doses.
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OTHER IMMUNOMODULATION

IL-1 receptor antagonist (IL-1ra)

This is a non-signaling peptide of the IL-1
family, which exerts its actions by blocking the
proinflammatory actions of both IL-1a and 
IL-1b. Despite considerable natural regulation of
IL-1 activity, studies have shown benefit from
supra-physiological doses of recombinant IL-1ra.
IL-1ra is now licensed for use in the USA and
parts of Europe. Early trials in JIA have yet to
complete. The rationale would be that IL-1 is
more active in cartilage and bone erosions in
animal models of arthritis, and should have a
place in the more erosive forms of JIA. Of inter-
est is the recent anecdotal report of its efficacy in
systemic JIA.49

Recombinant IL-10

This has been infused systemically to inhibit the
synthesis of proinflammatory cytokines and
alter cellular differentiation and polarization. 
It too has a short half-life that results in poor
clinical efficacy, and high systemic doses have
not been well tolerated.50 These results have led
to exploration of the alternative approaches of
local therapy and gene therapy.51–53

IL-6

This is a possible target for the treatment of sys-
temic JIA, as discussed above. Overproduction
of the cytokine promotes proinflammatory 
cellular activity, although it also stimulates
cytokine antagonists such as IL-1ra, sTNFR, and
TIMP (Figure 35.2). A recombinant anti-human

IL-6R mAb of the IgG1 subclass has under-
gone successful phase II studies in RA and a
phase III multicenter study in Europe has 
been concluded with good efficacy. Phase II
therapeutic trials in Japan and Europe have
shown dramatic changes in disease activity in
systemic JIA.53,54

Modulation of T- and B-cell ontogeny

Inconsistent results and the observation of 
prolonged CD4+ T-cell depletion have been
reported, thus raising anxieties about the longer-
term consequences of such manipulations.
Antibody targeted against CD20 markers
expressed by B cells is undergoing phase II trials
in RA. The rationale for its use in RA depends on
the hypothesis of a clone of rheumatoid factor
(RF)-producing B cells,56 and this is unlikely to
be applicable since most JIA subtypes are 
RF-negative.

Future developments are likely to include 
targeting of other cytokines such as IFN-γ, 
combination therapy, and the use of cytokines to
either divert the immune response towards 
tolerance or to control apoptosis. Genetic
research will also continue, not only in terms of
gene therapy, but also in the identification of
genetic populations most likely to respond to
treatment.

TRIAL DESIGN AND ETHICAL 
CONSIDERATIONS

The use of anti-TNF therapy in children with
chronic diseases highlights important technical
and ethical considerations. The use of a novel
drug in children with severe JIA must address
questions of safety and efficacy in the context of
a patient group previously receiving complex
long-term medication. A placebo-controlled
study is not ethical or appropriate in this 
context. Lovell et al. needed to stop other 
disease-modifying drugs to demonstrate that
beneficial effects were attributable to etanercept
alone, and therefore treated all recruits with the
trial medication before randomization (it being
unethical to stop all disease-modifying medica-
tion in children with severe disease).35

Other concerns included the management of
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Figure 35.2 Positive and negative cytokine feedback. MMP,
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non-responders, the period of follow-up, and the
interpretation of results thereafter, especially in
a chronic disease characterized by relapses and
remission. The open-label extension of the study
addressed the problem of what to do at the end
of a trial before the results were available and
license obtained.35

Owing to concerns about long-term safety of
this new group of drugs, and to identify long-
term benefit, clear guidelines and a central reg-
istry to monitor responses and side effects are
critical. This has now been established in the UK
and in other European countries. The pediatric
rule of the FDA in the USA has made early trials
of new therapies possible in children, but other
parts of the world still need to subscribe to such
a policy. The pharmacokinetics and the dosages
that would be efficacious are different in children
and need to be adequately assessed. It is impor-
tant to acknowledge, first, that JIA comprises a
group of diseases which differ from RA and
should be examined separately, and second, that
children require treatment during unique peri-
ods of physiological and psychological change.

PRACTICAL MANAGEMENT OF NEW THERAPIES

In addition to resources being available for
supervision nationally, the success of these new
drugs requires appropriate local provision. The
pediatric rheumatology nurse specialist’s role is
to provide effective practical, educational, and
emotional support for the child and family.
Guidance on administration, blood test monitor-
ing, management of side effects (which may
include injection site reactions), and appropriate
response to infection are important aspects of
continuing care. Effective education for both the
patient and parents ensures understanding,
appropriate expectations, and adherence to the
new drug following many years of ‘ineffective’
treatment and uncontrolled disease activity.
Cooperation will depend on a balance between
their belief that this time ‘it may work’, and
excessive faith in a new wonder drug.

CONCLUSION

The impact of etanercept on many children 
and their families has been dramatic, despite

uncertainty about the long-term side effects and
efficacy. Refinement of the use of TNF blockade,
combination therapies, and alternative biologi-
cals are being investigated, and in due course
biologicals may be used to treat a wider cohort
of children with less severe disease. To this end,
vigilance and appropriate assessment of poten-
tial risks are paramount. Ultimately, these thera-
peutic developments may fundamentally alter
our therapeutic approach to all chronic autoim-
mune diseases.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a multi-
system autoimmune disorder with organ
damage from autoantibodies and immune com-
plexes, which activate complement, which
causes infiltration of inflammatory cells. Clinical
manifestations include polyarthritis, dermatitis,
nephritis, cytopenias, vasculitis, pulmonitis,
myocarditis, endocarditis, pleural and pericar-
dial effusions, damage to central and peripheral
nerves, and, particularly in patients with anti-
bodies to phospholipids, fetal loss and clotting.
Diagnosis requires one or more autoantibodies
(including anti-nuclear antibody – ANA) and ≥ 1
typical organ manifestation. Criteria for classifi-
cation as SLE for studies require ≥ 4 of 11 mani-
festations.1,2 The mortality rate is approximately
10% over 10 years; nephritis and infections are
the main causes of death.

Prognosis has improved in recent decades3,4

with earlier detection and improved therapies,
dialysis and renal transplantation, new vaccines,
and improved antihypertensive and antimicro-
bial drugs. However, non-selective immunosup-
pressive drugs, mainstays of therapy, are
associated with marked toxicity.5 Recently iden-
tification of immunopathogenic mechanisms in
lupus has allowed development of novel thera-
peutic agents. These new therapies are expected

to be at least as effective as conventional 
therapies, and less toxic. An overview of novel
therapeutic modalities for SLE is presented in
Figure 36.1.

CONVENTIONAL THERAPIES

Until recently, clinical trials in SLE were avoided
because of lack of financial support for treat-
ments that are generic (e.g. corticosteroids and
cyclophosphamide), relatively small numbers of
patients, heterogeneity in clinical and laboratory
manifestations, lack of a single biomarker or 
surrogate marker for disease activity that
applies to all patients, and the natural disease
course of flares alternating with improvement.
Recently, several valid measures of disease
activity, flares, and damage have been developed
and used in drug trials.6–8 Because universal
measures of activity and progression of nephritis
are available, effective therapies have been
established in lupus nephritis. The ‘gold standard’
therapy for lupus proliferative glomerulonephritis
(the ‘NIH regimen’) is a combination of high
dose corticosteroids (1000 mg intravenous (i.v.)
pulse of SoluMedrol followed by 60 mg daily
doses of prednisone or equivalent for a few
weeks, then tapered to as low a dose as possible)
plus 6 monthly pulses of i.v. cyclophosphamide,
750 mg/m2 of body surface area, followed by

9781841844848-Ch36  8/10/07  11:12 AM  Page 435



quarterly i.v. cyclophosphamide for an addi-
tional 2 years.9–13 Although this treatment is
effective in approximately 80% of patients and
improves survival, relapse rates are high and
toxicity is considerable. Adverse effects of corti-
costeroids include life-threatening infections,
disfiguring weight gain, hypertension, diabetes,
edema, cataract, ischemic necrosis of bone, osteo-
porosis, poor wound healing, emotional lability,
acne, stretch marks, psychosis, and difficulty
sleeping. Adverse effects of cyclophosphamide
include life-threatening infections, cytopenias,
malignancies, infertility, nausea, diarrhea, hair
loss, hemorrhagic cystitis, and fatigue.

Variations in conventional therapies 
for severe SLE

Alterations in the NIH regimen have been tested
to attain better response rates in shorter times

and/or to miminize exposure to prolonged cor-
ticosteroid/immunosuppressive therapies. A
prospective, blinded, controlled trial of high
dose i.v. cyclophosphamide (50 mg/kg/day 
for 4 days), added to corticosteroids, with no
subsequent cyclophosphamide was ultimately
somewhat more effective for nephritis (but not
for other SLE manifestations), but not less toxic
than the NIH regimen.14–17 The Euro-Lupus
Nephritis Trial Group study18,19 of lower 
doses of cyclophosphamide in a prospective,
randomized trial comparing the NIH regimen to
500 mg of cyclophosphamide i.v. every 2 weeks
for six doses, followed by daily azathioprine,
showed similar efficacy to the higher doses of
cyclophosphamide in the NIH regimen; side
effects were somewhat, although not signifi-
cantly, less. The patients in this trial were almost
all Caucasian; results may not apply to other
ethnic groups.
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Figure 36.1 Overview of novel therapeutic modalities for SLE. (A) Anti-cytokine therapies; (B) inhibition of costimulatory signals

using anti-CD40L or CTLA-4-Ig; (C) induction of B-cell tolerance using LJP-394; (D) eliminating B cells with anti-CD20, anti-CD22;

(E) blocking survival signal for B cell by anti-BLyS; (F) inhibition of tissue injury by antibody against terminal complements; 

(G) induction of regulatory/inhibitory CD4+ and CD8+ T cells.
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Substitution of mycophenolate mofetil for
cyclophosphamide in conventional therapies.

Substituting a safer cytotoxic drug for
cyclophosphamide has been successful in some
patients. A randomized, prospective controlled
trial in Hong Kong of MMF (mycophenolate
mofetil) in lupus patients with proliferative
nephritis showed comparable efficacy at 12
months between daily oral MMF and daily oral
cyclophosphamide given for 6 months, then 
followed by azathioprine maintenance. The low
cyclophosphamide group had less drug-related
toxicity.20 In fact, after a median follow-up of 
5 years, the groups had similar outcomes, but
serious infections were lower in the MMF
group.21 Doses of mycophenolate were gradu-
ally reduced after the initial year of therapy, but
when doses were low, the relapse rate was
higher in MMF than in the cyclophosphamide/
azathioprine group, suggesting the necessity of
long-term therapy in this patient subset. Later, a
randomized controlled study22 looking at efficacy
of MMF or azathioprine or quarterly i.v.
cyclophosphamide as maintenance therapies,
following induction of improvement with six
doses of cyclophosphamide monthly i.v.
(500–750 mg/m2), demonstrated that the 72-month
event-free survival rate and relapse-free survival
rate were better in groups maintained with
MMF or azathioprine than with quarterly i.v.
cyclophosphamide. Adverse effects were also
lower in MMF or azathioprine groups. Finally, a
recent study23 randomizing patients with severe
proliferative lupus nephritis into initial therapy
with the NIH cyclophosphamide regimen or
MMF 3 g per day as induction therapy 
showed that by 6 months higher proportions of
patients were improved in the MMF group.
Improvement occurred in 52% of MMF-treated
patients compared with 30% of cyclophos-
phamide patients. Furthermore, the rate of life-
threatening infections was lower in MMF,
although that of diarrhea was higher.

In summary, MMF is a reasonable and safer
choice than cyclophosphamide for inducing or
maintaining improvement in severe lupus
nephritis, and either MMF or azathioprine may
be superior to cyclophosphamide in maintaining
improvement once it is achieved. There are no
controlled trials to say that MMF is as effective

as or better than cyclophosphamide in any life-
threatening aspect of SLE other than nephritis.
Furthermore, in the authors’ experience, some
patients with lupus nephritis respond better to
cyclophosphamide than to MMF (and vice
versa), so it is premature to say that MMF
should replace cyclophosphamide in the man-
agement of severe nephritis or other life-threat-
ening manifestations of SLE. With MMF,
duration of therapy, tapering schedules, and
management of refractory or relapsing disease
(seen with all regimens) are yet to be established.

TARGETING B CELLS IN SLE

B lymphocytes play important roles in initiation,
propagation, and amplification of autoimmunity.24

They are precursors to plasma cells that secrete
pathogenic autoantibodies, and serve as antigen-
presenting cells that activate helper T cells.
Therapies that deplete/inactivate B cells or 
subsets are under intense study.

Anti-CD20

CD20 is a surface antigen expressed on all B cells
from pre-B through mature B; it is not expressed
on plasma cells.25 Rituximab (IDEC-C2B8,
MabThera, Rituxan) is a chimeric humanized
monoclonal antibody (mAb) to CD20 composed
of a human IgG1 kappa constant region and a
variable region of murine anti-CD20. It mediates
complement and antibody-dependent cell-
mediated cytotoxicity with direct antiproliferative
effects against B-cell lines in vitro,26 depletes
peripheral B cells, and down-regulates costimu-
latory molecule.27,28 Rituximab has been 
FDA-approved for treatment of low grade B-cell
lymphoma and for rheumatoid arthritis (RA)29,30

(http://arthritis.about.com/od/mabtherar-
ituxan 2006). In open trials in autoimmune 
diseases, it has been acceptably safe (adverse
effects include infusion reactions, arrhythmias,
and possibly increased infection rates), and it
has been efficacious in approximately 50% of
patients with chronic idiopathic thrombocytopenic
purpura (ITP),31 and autoimmune hemolytic
anemia.32 In seropositive RA, a controlled
prospective randomized trial demonstrated 
efficacy.33,34 Open trials in SLE patients35–38 have
been promising. In one trial,36 17 of 24 patients
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(failing standard treatments) improved. Reduction
of anti-dsDNA antibodies was modest. B-cell
depletion persisted for 3–6 months on average
(for years in one patient) and clinical improve-
ment lasted for 12 months in most.35–39–41 Some
patients relapsed when the B cells started to
repopulate the immune system; others did not.
Rituximab doses that depleted B cells were more
likely to suppress disease activity than smaller
doses. Four weekly doses of 375 mg/m2, two
weekly doses of 1000 mg (full dose), or two
weekly doses of 500 mg (half dose) were 
effective in some patients and showed more 
sustained reduction in global disease activity
(BILAG or SLAM) and improvement in serological
and renal parameters than did lower doses.37,39

Some investigators give rituximab concomi-
tantly with 750 mg i.v. cyclophosphamide; all
give high dose i.v. corticosteroids with each
infusion, which probably reduces infusion reac-
tions. The frequency of human antichimeric anti-
body (HACA) production in SLE patients is
significantly higher than in lymphoma patients.39,42

HACA may abolish efficacy of rituximab.43

Its production is associated with lower doses 
of rituximab, less depletion of B cells, higher 
baseline SLAM scores, African–American 
ancestry, and repeated treatments.37 Large mul-
ticenter double-blind placebo-controlled clinical
trials with rituximab in SLE are in progress.
However, questions regarding optimal dose,
durability of response, need to give therapy for
one round and then as needed, or on a regular
basis, escape from response related to HACA,
appropriate combination therapies, and long-
term side effects will probably require addi-
tional studies.

Other mAbs against B-cell surface markers are
available for study, including fully humanized
anti-CD2041,44 and anti-CD22.45 The humanized
anti-CD20 might be less likely to induce 
HACA. Anti-CD22 should be similar in action to 
anti-CD20, but has the theoretical advantage of
delivery of toxins to B cells via antibody conju-
gates, since CD22 is internalized upon ligation.46

LJP-394

LJP-394 (abetimus sodium, Riquent) is a syn-
thetic B-cell tolerogen composed of four

oligonucleotide epitopes attached to a nonim-
munogenic polyethylene glycol platform. Acting
as antigen, it cross-links anti-dsDNA antibodies
on the surface of autoreactive B cells, theoreti-
cally leading to their anergy or deletion.

It is possible that it works by binding 
antibody, thus forming immune complexes that
can be eliminated from the body. In a prospec-
tive, randomized double-blind trial (16 weekly
i.v. doses of 100 mg) in lupus nephritis, serum
levels of anti-dsDNA fell and C3 rose in the 
LJP-394 treated group, but time to renal flare
was not significantly different compared to 
controls.47,48 Further analysis of a subgroup of
patients with high affinity antibodies to LJP-394
and higher serum creatinine levels (Cr ≥ 1.5 mg/dl),
showed significant reduction in time to renal
flare, time to increased immunosuppressive
treatment, and improved HRQOL (health-
related quality of life).49 LJP-394 was well toler-
ated. At present, LJP-394 is a novel B-cell
‘tolerogen’, probably effective in nephritis
patients with high affinity antibody. Additional
studies are planned to clarify its clinical applica-
tion for either induction or maintenance therapy.

INHIBITION OF COSTIMULATORY SIGNALS

Anti-CD40

CD40 ligand (CD40L, CD154) on activated
immune cells (mainly T cells) or platelets binds
with CD40 on the surface of B cells, APCs 
(antigen-presenting cells), or vascular endothelial
cells.50–53 This interaction provides costimulatory
signals that activate B cells, APCs, and vascular
endothelial cells.54–58

Increased expression of CD40L on multiple
cells in SLE patients promotes pathogenic
autoantibody production and glomerulo-
nephritis.59_62 Blockade of the CD40–CD40L
pathway has been effective in animal models of
lupus.63–66 Two humanized anti-CD40L mAbs
(IDEC-131 and BG9588) were tested in SLE
patients. Treatment with IDEC-131 failed to
demonstrate clinical efficacy over placebo in a
double-blind, placebo-controlled study.67

Although BG9588 therapy in patients with 
proliferative glomerulonephritis reduced anti-
dsDNA antibodies, increased C3 levels, and
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decreased hematuria, the study was terminated
prematurely due to unexpected thromboembolic
complications.68 While blocking CD40–CD40L
interaction retards atherogenesis, CD40L is 
necessary to maintain stability in thrombi; 
blocking CD40L on platelets might permit insta-
bility in thrombi resulting in thromboembolism.
This problem might discourage additional
human trials in the near future.

CTLA-4 –Ig

Surface expression of CTLA-4 is restricted to
activated and memory T cells.69 CTLA-4 binds
B7 molecules with much higher avidity than
CD28 (which provides costimulatory signals for
T cells).70–72 Therefore, ligation between CTLA-4
and B7 molecules (a) suppresses CD28-mediated
T-cell activation, and (b) induces anergy or
apoptosis by blocking survival signals or by
inducing release of tolerogenic IDO (indoleamine
2,3-dioxygenase) from dendritic cells.73–76 CTLA-4
ligation inhibits T-cell-dependent antibody pro-
duction by B cells.77–80 CTLA-4-Ig (abatacept,
belatacept), a fusion protein of the extracellular
domain of CTLA-4 and the Fc portion of human
IgG1, was engineered to block CD28–B7 interac-
tion. Prospective, double-blind, randomized
studies of abatacept demonstrated clinical effi-
cacy in patients with RA (the US FDA has
approved its use in RA), psoriasis, and allogenic
bone marrow transplantation.73,81–84 Combination
therapy with CTLA-4-Ig and cyclophosphamide
dramatically reduced proteinuria, autoantibody
production, and mortality in a murine model of
active lupus nephritis.85,86 Clinical trials in SLE
patients have been designed and are expected to
begin soon.

Anti-BLyS

B-lymphocyte stimulator (BLyS; BAFF, TALL-1,
THANK, and zTNF4) is a member of the tumor
necrosis factor (TNF) ligand superfamily; it is
expressed on the surface membrane of myeloid
cells and released as a soluble protein.87 Its
expression is regulated by interferon (IFN)-γ,
IFN-α, interleukin (IL)-10, and CD40L.87–89

Interactions of BLyS with its receptors 
(TACI, BCMA, and BAFF-R) on B cells support

maturation, differentiation, and survival of 
B cells by activation of NF-κB via TRAF and 
up-regulation of anti-apoptotic bcl-2 family 
proteins.90 Experiments using receptor knockout
mice show that ligation of each receptor results
in different biologic functions. In B cells, BAFF-R
mediates a survival signal, whereas TACI 
ligation transmits a negative signal.91,92

Excessive BLyS/BAFF expression occurs in
some patients with SLE, RA, and Sjögren’s 
syndrome.93 Elevated levels in blood are gener-
ally correlated with disease activity and autoan-
tibody titers (RF and anti-dsDNA).94 Moreover,
treatment with soluble BLyS decoy receptors
(TACI-Ig or BAFFR-Ig) in lupus-prone mice
resulted in decreased disease progression and
improved survival.95–97 Human anti-BLyS mAb
(LymphoStat-B) showed adequate safety in
phase I human trials.98 In one phase II trial, the
impact on the SLEDAI measure of disease 
activity was not significantly different from
placebo, although levels of anti-DNA were
reduced (Human Genome Sciences, press
release 10/05/05). Additional phase II/III 
studies in SLE of LymphoStat-B, TACI-Ig (which
is effective in murine lupus96) or BAFF inhibitors
are awaited.

ANTI-CYTOKINE THERAPY

Up-regulation of IL-10, IL-6, IL-18, type 1 IFNs,
IFN-γ, IL-1, and TNF-α has been found in
murine and human SLE. In humans, levels of
expression tend to correlate with disease 
activity.99–105 Anti-dsDNA and immune complexes
stimulate release of these proinflammatory
cytokines from dendritic, mononuclear, T, and
endothelial cells.106,107 Other inflammatory
cytokines involved in pathogenesis (IL-18, 
IFN-γ) also up-regulate IL-6, IL-1, and TNF-α.101

Therefore, these cytokines are reasonable targets
for lupus therapy.

Anti-IL10

IL-10 regulates apoptosis of lymphoid cells 
and potentiates autoantibody production in
lupus.108,109 Serum levels and secretion by periph-
eral blood mononuclear cells are increased 
in SLE patients; in some studies high levels 
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correlate with disease activity.102,108 Admini-
stration of IL-10 accelerated renal disease; anti
IL-10 mAb delayed its onset in a murine lupus
model.110 In a small open-label study,111 anti-IL-
10 murine mAb was administered for 3 weeks to
steroid-dependent lupus patients. Observation
for 6 months showed improvement of dermati-
tis, arthritis, MEX-SLEDAI scores (Mexican ver-
sion of the Systemic Lupus Disease Activity
Index), and daily steroid dose, with reduction of
serum IL-10 levels. However, all six patients
developed antibodies against the murine mAb,
making it unlikely that this particular mAb can
be used. Development of a humanized mAb
might permit additional trials.

Anti-IL-6R mAb

Secretion of serum and urinary IL-6 is increased
in active lupus.112,113 IL-6 promotes B-lymphocyte
maturation and mesangial cell proliferation, and
blocks suppression by CD4+CD25+ regulatory 
T cells.114,115 Exogenous IL-6 accelerated progres-
sion of glomerulonephritis; anti-IL-6 receptor
(anti-IL-6R) suppressed anti-DNA production,
delayed proteinuria, and improved survival in
murine SLE.116,117 Treatment with humanized
anti-IL-6R (MRA, Tocilizumab, containing CDR
from mouse anti-human IL6R fused with human
IgG) was well tolerated and reduced disease
activity in a multicenter, double-blind, placebo-
controlled trial of RA and in smaller, open trials
in juvenile inflammatory arthritis (JIA), adult-
onset Still’s disease, Crohn’s disease, and
Castleman’s disease.118–120 A clinical trial in SLE
is in progress.

Anti-TNF-a

The role of TNF-α in the pathogenesis of lupus
remains unclear. As a proinflammatory cytokine,
it activates immune cells and endothelial cells,
and induces adhesion molecules and other
proinflammatory cytokines such as IL-1 and IL-6.
While it participates in the pathophysiology of
some autoimmune disease like RA, Crohn’s dis-
ease, or spondyloarthropathy, its blocking may
promote autoimmunity. Clinical trials showed
that anti-TNF therapy in patients with other
autoimmune disease may develop lupus-like

syndromes with anti-nuclear antibodies, anti-
dsDNA (IgM isotype in about 7–16% in RA), and
anti-cardiolipin antibodies; discontinuance of
TNF blockade ameliorated symptoms and titers
of autoantibodies.121,122 In contrast, TNF-α was
detected in the serum and renal tissues in lupus
patients and its levels were correlated with 
disease activity.123,124 In an open-label pilot study
in six refractory lupus patients, four doses of
infliximab induced reduction of proteinuria and
disease activity with resolution of arthritis.125

Arthritis relapsed 2 or 3 months after the last
dose of infliximab, but decreased proteinuria
lasted for several months. Although titers of
anti-dsDNA antibody (IgG isotypes) and anti-
cardiolipin antibody were increased with inflix-
imab administration, it was transient and not
associated with flare of disease. Double-blind,
placebo-controlled multicenter trials are antici-
pated to evaluate safety and clinical efficacy for
SLE patients.

Anti-IL-1

Increased levels of IL-1 were detected in the
spinal fluid of CNS lupus patients and in the
kidneys of human and murine SLE (MRL/lpr
and NZB/W F1 mice).126–128 Stimulating normal
human mononuclear cells with anti-dsDNA
resulted in release of IL-1.106 Administration of
low doses of IL-1 accelerated glomerulonephritis
in the NZB/W F1 mice, but administration of its
soluble receptor antagonist (IL-1Ra, Kineret) did
not improve established nephritis in MRL/lpr
mice.126,129 Two small open-label studies in lupus
patients with refractory arthritis showed 
transient benefit and acceptable safety.130,131

IL-1Ra has not yet been investigated in lupus
nephritis patients.

Type 1 interferons (IFN-a, IFN-b)

Recently several laboratories have reported that
a characteristic ‘signature’ of gene expression 
in the peripheral blood leukocytes of SLE
patients is elevated expression of IFN-inducible
genes.99,100,103 Some genes are up-regulated 
primarily by type 1 IFNs, although IFN-γ also
regulates many of them. Furthermore, lupus-prone
mice with the receptors for type1 IFN knocked
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out are protected from disease.132 There is great
interest in developing inhibitors of type 1 IFN
binding for potential clinical trials.

INDUCTION OF REGULATORY/SUPPRESSIVE 
T CELLS

A strategy of recent interest is to control clinical
autoimmunity by inducing T cells that can
down-regulate it. Several T-cell subsets have this
capability. Among CD4+CD25+ T cells in the
periphery are cells that express CTLA-4 and also
up-regulate expression of Foxp3.133,134 Those
cells suppress autoantibody formation – some
by inhibiting proliferation of helper CD4+ T cells,
and others by direct suppression of B-cell 
production of Ig. In addition, there are subsets of
CD8+ T cells which can also suppress proliferation
in CD4+ helper T-cells.135 With regard to SLE,
two strategies have been successful in inducing
several of these CD4+ and CD8+ regulatory/
inhibitory T-cell subsets. One has been to edu-
cate peripheral lymphocytes by incubation with
IL-2 and transforming growth factor (TGF)-β,
which generates regulatory cells;133,136 such edu-
cated cells could then be re-infused. This strategy
should be adaptable to human use in the near
future. The second method is to inject on a regular
basis short, soluble peptides from autoantigens
which induce regulatory/inhibitory T cells 
powerful enough to suppress autoreactive cells
and disease in murine lupus models. Peptides
which have been clinically successful in these
models have been derived from Ig of antibodies
to DNA,134,135,137,138 histones in nucleosomal 
antigen,139 the D1 peptide of Sm,140 and the 70 K
protein of U1RNP.141 One of the Ig-derived 
peptides, edratide,138 which is injected subcuta-
neously once a week, seemed safe in a phase I
clinical trial in patients with SLE, and is cur-
rently in phase II trials to assess efficacy.

AUTOLOGOUS HEMATOPOIETIC STEM CELL
TRANSPLANT (HSCT)

Multiple case reports record improvement of
coincidental autoimmune diseases (RA, SSc,
SLE, JIA, or MS, etc.) in patients receiving 
HSCT for other disorders, and there have been
excellent results in animal models of autoim-

mune disease with experimental stem cell 
transplantation. These reports suggested that
HSCT is a viable option for severe autoimmune
disease that is  refractory to conventional 
therapy.142,143

Data from the European Group for Blood and
Marrow Transplantation (EMBT) showed a
remission rate of 66% in SLE patients, with 
partial remission in an additional 14% following
autologous HSCT. Remission was defined 
as SLEDAI ≤ 3 and dose of prednisolone 
≤ 10 mg/day.144,145 Relapse occurred in 32% of
those patients within 40 months. Unfortunately,
16% of patients died within 6 months after
HSCT. These data must be interpreted with the
realization that patients included in all the trials
were refractory to standard therapies for SLE. In
the most recent US study146,147 the probability of
disease-free survival was 50% at 5 years, and
overall survival was 86%. Most of the deaths
were from recurrent active SLE, and several
were from infections. It is likely that careful
patient selection and standardized techniques
will be useful in future studies. Autologous
HSCT is safer than allogeneic HSCT because it
avoids complications related to graft-versus-host
responses, but allogeneic HSCT might be 
more effective to eradicate autoantigen-reactive
progenitor cells. A phase II HSCT trial has been
designed in the USA to compare efficacy of
HSCT to current standard care in patients 
refractory to usual therapeutic approaches.

COMPLEMENT THERAPY WITH ANTI-C5b

Pathophysiologic roles of the complement
system are complex in lupus. While complement
activation is a marker of active SLE as it 
correlates with disease activity, deficiency of its
early components predisposes or accelerates
lupus nephritis.148 Early components of the 
classical pathway like C1q protect from 
emerging autoimmunity via clearance of immune
complexes or apoptotic cell debris, but the late
components (C5b-9) formed after activation of C3
to C3a are involved in renal injury.149–151

Classical, alternative, and lectin complement
pathways are activated in human and murine
lupus. In particular, self-perpetuating activation
of the alternative pathway plays a major role in
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lupus nephritis after the classical pathway 
initiates activation of the alternative pathway.
Reduced disease activity in lupus-prone mice
with deficient alternative components (factor 
B or D) supports the role of that pathway.149

Blocking C3 or C5 activation has been a goal for
complement-targeted therapy, because activation
of both pathways results in cleaving of those
components and produces MAC (membrane
attack complex C5b-9). Anti-C5 mAb was effective
in murine SLE; thus humanized chimeric mAb
to complement 5 (eculizumab, h5G1.1-mAb:the
CDR from mouse anti-human C5 fused with
human IgG2 F(ab)’ region and with a human
IgG4 Fc region) was designed. A multicenter
randomized placebo-controlled phase II trial of
eculizumab in 122 patients with idiopathic
membranous glomerulonephritis did not show
differences in outcomes between the treatment
and placebo groups.152 However, this result may
have been influenced by the short duration of
therapy – perhaps insufficient for biologic effects
to result in disease improvement. Eculizumab
therapy had acceptable safety, and further 
studies are awaited.

In summary, advanced understanding of the
immuno-pathogenesis of lupus has translated
into several novel therapeutic strategies which
target specific immunologic reactions. As more
biologic agents are tested, the effective therapeutic
regimens will emerge. It is likely that greater ben-
efits will occur when effective biologics are com-
bined with some of the standard, current, less
targeted therapies, and/or that combinations of
biologics will be more effective than single agents.
We look forward to developing treatments that are
safer and better targeted for each patient with SLE.
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INTRODUCTION

The systemic vasculitides are heterogeneous in
regard to clinical phenotype, prognosis, and eti-
ology. In only a few instances is the cause of a
specific form of vasculitis well established. For
severe forms of disease, treatment has been frus-
tratingly familiar, incorporating corticosteroids
(CS), and, in some cases, cytotoxic therapies. 
It is important for the practitioner to not become
prematurely jaded about these broad-based
immunosuppressive/anti-inflammatory agents,
as when used judiciously they reduce disease
morbidity and may be life-saving. The provision
of more disease-specific treatments will emerge
as our understanding of pathogenesis improves.
This, in fact, is being addressed in randomized
controlled trials of biologic agents. In this chap-
ter, we will focus primarily on new insights 
into the pathogenesis of certain vasculitides and
how those insights are changing approaches to
patient care.

GIANT CELL (TEMPORAL) ARTERITIS

Giant cell arteritis (GCA) is a disease of
unknown cause, affecting large and medium-
sized arteries, in patients generally older than 
50 years. Women are affected at least twice as
often as men.1,2 In the USA, the annual incidence
is approximately 2.5/100 000 population, and
18/100 000 among persons > 50 years old. The
prevalence of GCA in this age group has been

estimated to be 223/100 000 population1–4 and
the approximate total number of prevalent cases
in the USA alone is 162 340.

Characteristic features of GCA are provided
in Table 37.1.3–9 Morbidity from GCA itself is
substantial. In the era preceding the availability
of CS, 30–60% of patients experienced visual
loss, compared with 5–25% of CS-treated
patients in more recent series.10–15 In one popula-
tion-based study, 17% of GCA patients devel-
oped aortic aneurysms that were sometimes
associated with dissection or vessel rupture.16

Aortic branch vessel stenoses may cause extrem-
ity (upper > lower) claudication (~15%).17,18

Patients may also experience polymyalgia
rheumatica (PMR) (~50%), constitutional symp-
toms (~50%), and stroke (0–5%).3–9,19–22

Conventional medical therapy for giant cell
arteritis

There is general agreement that once a convinc-
ing diagnosis of GCA is assumed, treatment
with CS should begin immediately. This sense of
urgency is conveyed because of the knowledge
that in the pre-CS era, GCA was frequently com-
plicated by blindness.

How much prednisone?

How long should the initial dose be maintained
before it is tapered? How long should one expect
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to treat a patient with GCA? The answers to 
such questions are as numerous as the authori-
ties who have studied GCA. Comparative 
studies have not been performed that would
clearly recommend any one approach above
others.

Whereas some early reports of GCA sug-
gested that treatment may only be necessary for
6–12 months, in 1973 Beevers et al.23 recognized
the chronic nature of this illness and noted 
that in many cases CS therapy may be required
for several years. Indeed, this is now a widely
accepted perception. Relapse rates in the course
of CS tapering have been reportedly ~30% to 
> 80% over 1–4 years of follow-up.20–27

It is apparent that GCA is not readily 
controlled in many patients once CS therapy 
is reduced to low or moderate doses (i.e. pred-
nisone 5–15 mg/day). Even after 2–3 years 
of therapy, about 50% of patients remain 
CS-dependent, a situation that has led to sub-
stantial morbidity in an already fragile elderly
population. The risks of fractures and cataracts
are five and three times greater, respectively, in
patients with GCA compared with age-matched
controls not treated with CS.19 Nesher et al.28,29

found that among 43 patients followed for a
mean period of 3 years, 35% had fractures and
21% had severe infections, which in two-thirds
of cases led to death. An important role for CS

could be implicated in 37% of all deaths. The
need for prolonged CS therapy to control GCA,
and the goal of reducing disease- and treatment-
related morbidity and mortality, have led inves-
tigators to explore the use of adjunctive agents to
improve outcomes.

Adjunctive therapy to corticosteroids in giant
cell arteritis

Conventional immunosuppressive agents

Numerous studies have explored the utility of
either methotrexate (MTX) or azathioprine
(AZA) as a means of achieving improved dis-
ease control and less dependence on CS therapy.
Two recent randomized, double-blind, placebo-
controlled studies of weekly MTX have been
completed. In both, the rate of CS taper was
rapid, so that in the absence of relapse, CS with-
drawal could be accomplished in 4 months24 or 
6 months.9 In both studies, relapses were fre-
quent, and the first relapse occurred with equal
frequency in the CS-only and CS + MTX groups.
However, the frequency of more than one relapse
differed between groups in one study and not in
the other. The reason for these differences is
uncertain. Consequently, the role that MTX or
other adjunctive therapies may play in GCA
remains unsettled.
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Table 37.1 Giant cell arteritis: clinical features (% frequency)

Author (no. of cases) Hunder (94) Liozan (147) Gonzalez-Gay (239) Chevalet (164) Hoffman (98)a

Headache 77 NS 83 67 93
Abnormal temporal artery 53 55 72 21 NS
Jaw claudication/pain 51 38 39 16 60
Constitutional symptoms 48 65 70 NS NS
Polymyalgia rheumatica 34 27 47 49 55
Fever 27 NS 11 46 5
Diplopia 12 NS 7 NS NS
Amaurosis 5 NS 17 NS NS
Blindness 13 13 14 NS 18
Stroke NS NS 3.5 NS 0
Mean age (years) 75 75 73 73 74
Percentage female 74 63 56 71 71

aAt presentation; NS, not stated.
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New insights into pathogenesis, 
new opportunities for treatment

Our inability to control GCA, without producing
CS-related morbidity, may not be at an impasse.
Although the pathogenesis of GCA has not been
completely elucidated, our understanding of 
the disease has grown substantially. Biopsy
specimens obtained at different stages in the
evolution of vascular lesions have revealed 
that inflammatory cells are initially concentrated
in the adventitia and are absent or sparse in 
the intima, with an intermediate presence in 
the media. Mononuclear cells migrate into the
vessel wall from the adventitia30–36 (Figure 37.1).
CD4+ T cells are prevalent in this infiltrate, 
and may play a key role in driving the inflam-
matory attack. Production of interleukin (IL)-2,
tumor necrosis factor (TNF)-α and interferon
(IFN)-γ by CD4+ T cells indicates a predomi-
nant Th1 response.30,33–36 Products of activated

macrophages include IL-1 and TNF-α
(Figure 37.2),33 which are proinflammatory
cytokines that further stimulate the Th1
response. Granuloma formation depends on Th1
cytokines and, in animal models, anti-TNF-α
therapy has been shown to block granuloma for-
mation. Blockade of these cytokines could theo-
retically play an important role in selective
interference with disease progression.

TNF-α inhibitors such as infliximab and 
etanercept, and IL-1 receptor antagonist (IL-1ra),
have been shown to abrogate inflammatory
responses and limit tissue damage in patients
with rheumatoid arthritis (RA), and are being
studied in other illnesses in which macrophage-
and Th1-mediated responses may be important.
Our new understanding of the pathogenesis of
GCA suggests that interfering with vascular 
injury due to the products of activated macro-
phages and Th1 lymphocytes would be worthy
of investigation.
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Figure 37.1 GCA: proposed pathogenesis. The earliest sign of disease in vessels appears to be activation of dendritic cells and

Th1 lymphocytes (that produce TNF and IFN-γ). About 2–5% of these cells are clonally expanded in the adventitia of vessels, but

not in the circulation, suggesting that antigen presentation may occur in the vascular adventitia. In turn, macrophages are acti-

vated (and produce IL-1, IL-6, TNF). As macrophages migrate into the media, they assume a different phenotype, producing

matrix metalloproteinases (MMPs), toxic oxygen radicals, and toxic nitration of proteins that damages the media. Subsequently,

synthetic products include growth factors [platelet-derived growth factor (PDGF), transforming growth factor-β (TGF-β)] and vas-

cular endothelial growth factor (VEGF), that leads to microvascular neoangiogenesis within the vessel wall. Eventually myointi-

mal proliferation, including smooth muscle cells (SMCs), leads to vascular stenosis and ischemia. (Adapted from Weyand and

Goronzy.30,34–36)
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The first use of a biologic agent in a random-
ized trial was recently reported by Hoffman and
colleagues.37 The authors evaluated the efficacy
of adding placebo or the monoclonal antibody
(mAb) to TNF, infliximab, to standard of care
(CS) in patients with newly diagnosed GCA.
Addition of anti-TNF-α therapy did not improve
the durability of remissions or reduce cumula-
tive CS requirements.37 A similar study designed
for polymyalgia rheumatica38 also failed to
demonstrate efficacy. These observations raise
the question of whether other pathways and
mediators play more important or pivotal roles
in GCA and PMR disease pathogenesis.

Aspirin – targeted therapy of a different kind

Two recent retrospective studies have noted that
low dose aspirin antiplatelet or anticoagulant

therapy may reduce the risk of ischemic events
in patients with GCA by a factor of 3–5-fold. 
An increased risk of bleeding complications was
not observed.39,40

TAKAYASU’S ARTERITIS

Takayasu’s arteritis (TA) is an idiopathic sys-
temic inflammatory disease that may lead to
segmental stenosis, occlusion, dilatation and/or
aneurysm formation of the aorta and/or its main
branches. Coronary and/or pulmonary arteries
may also be affected. A significant number of
patients fail to achieve and sustain remission
despite prolonged treatment with CS and cyto-
toxic agents.

As is true for GCA, granuloma formation is a
characteristic feature in the inflammatory
lesions of TA. Granuloma formation is in part
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Figure 37.2 GCA: temporal artery biopsies. Immunohistochemistry, utilizing monospecific stains, demonstrates IL-1, IL-6 TNF

and IFN-γ in the vessel wall. (Courtesy of Dr Maria Cid and Jose Hernandez-Rodriguez, Barcelona.)
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dependent on TNF-α. TNF-α production occurs
primarily in macrophages, T cells, and natural
killer (NK) cells. TNF-α induces macrophage
production of IL-12 and IL-18, which are
potent cytokines that bias CD4 T cells to differ-
entiate as Th1 cells, and activate NK cells. 
IL-18-influenced Th1 lymphocyte production
of IFN-γ leads to enhanced recruitment and
activation of macrophages, a critical feature of
granuloma formation. The pathogenesis of TA
includes vessel injury due to activated T cells,
NK cells, γδ cells, and macrophages. Therefore,
it is logical to consider that TNF-α inhibition,
as was noted for GCA, might enhance control
of the inflammatory process in TA. Although
one might anticipate a similar result to that
noted for GCA, it is important to recall that
immunologic function and disease susceptibil-
ity differ in many ways in youth and in the 
elderly.

Preliminary data from an open-label trial 
of 15 patients with treatment-refractory TA 
has demonstrated encouraging results that 
will hopefully lead to a randomized controlled
study.41 TA patients had previously failed to
maintain remission on tapering courses of CS
and concurrent therapy with cyclophosphamide
(CP), MTX, AZA, cyclosporin, mycophenolate
mofetil, and/or tacrolimus. Median duration of
disease prior to anti-TNF therapy was 6 years.
Patients had previously experienced multiple
relapses. Prior to trials of anti-TNF therapy,
relapses had occurred when the median 
prednisone dose was less than 20 mg of pred-
nisone a day. At lower doses, relapses occurred
that led to starting anti-TNF therapy. Ten
patients were able to discontinue prednisone
during the period of follow up (1–3.3 years) after
starting anti-TNF therapy, and an additional
four patients achieved sustained remissions
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Figure 37.2, cont’d
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while taking < 10 mg prednisone daily (> 50%
reduction in prior CS requirements). One patient
did not achieve remission and died of complica-
tions of myocardial infarction. Although these
results must be regarded as preliminary, they do
suggest that anti-TNF therapy is a useful adjunct
to CS in the treatment of TA. Anti-TNF therapy
for TA should be evaluated in a larger study to
determine its potential utility in producing
remission, while minimizing the use of CS.

WEGENER’S GRANULOMATOSIS 
AND MICROSCOPIC POLYANGIITIS

Wegener’s granulomatosis (WG) is a systemic
inflammatory disease of unknown etiology 
characterized by necrotizing granulomatous
inflammation of the upper and lower airways,
necrotizing crescentic glomerulonephritis, and
systemic vasculitis of small and medium vessels.
Manifestations may be limited to the respiratory
tract, or may be more generalized.42,43

Microscopic polyangiitis (MPA) is also a 
form of small and medium-sized vessel vasculi-
tis, and is distinguished histologically from 
WG by not having granuloma formation. MPA
manifests most often as necrotizing crescentic
glomerulonephritis, pulmonary hemorrhage,
constitutional symptoms, and skin and periph-
eral nervous system involvement. Like WG, 
it can present as a pulmonary–renal syndrome.44

If granulomas are not found on a biopsy,
because either they are truly not present or the
biopsy sample was inadequate for detection, the
vasculitic component of WG may not be histo-
logically distinguishable from MPA. In the
absence of destructive upper airway disease,
these two syndromes may also be clinically
indistinguishable.

Before the introduction of CS plus CP, WG
and MPA were usually fatal diseases with mor-
tality occurring from pulmonary or renal failure.
Although this regimen has been proven to prolong
survival and induce remission in a majority 
of patients, long-term CP use is associated 
with substantial toxicity.42 Recent therapeutic
approaches have utilized regimens that reduce
the duration of CP exposure by switching to
MTX or AZA after 3–6 months,45,46 or avoid 
the use of CP altogether by the use of MTX for

remission induction of non-severe disease.47–49

Unfortunately, even with the ability to success-
fully induce remission and limit CP exposure,
relapse of disease and drug-related adverse
events still impact a substantial proportion of
patients, underscoring the need for better ther-
apy. As pathogenic mechanisms of WG and
MPA become understood, it may be possible to
selectively target critical pathways and, hope-
fully, establish more effective, less toxic treat-
ment approaches.

Evolving concepts in pathogenesis

Histologic features of affected tissues, genetic
influences, and the presence of circulating anti-
neutrophil cytoplasmic antibodies (ANCA) have
provided important avenues of investigation in
the pathophysiology of WG and MPA.

Granuloma formation

Classical histopathologic features of tissues from
the upper and lower airways in WG consist of
multifocal lesions that include a mixed inflamma-
tory infiltrate, areas of dense polymorphonuclear
neutrophil (PMN) accumulations (microabcesses),
geographic necrosis surrounded by palisading
histiocytes and giant cells, granuloma formation,
and vasculitis.50–52 The renal lesion seen in WG
and MPA consists of a focal, segmental necrotiz-
ing glomerulonephritis in which there are few to
no immune complexes. Collectively, these find-
ings have suggested dominance of cell-mediated
immune responses in the pathogenesis of WG.

Granuloma formation may result from an
inability or reduced capabilities of activated
macrophages to eradicate an antigen, be it exoge-
nous (e.g. mycobacteria, or non-infectious, par-
ticulate materials, such as silica) or endogenous
(e.g. self-antigens, elastic fibers).53,54 A typical
granuloma consists of a focal accumulation of
macrophages, macrophage-derived epithelioid
cells, multinucleate giant cells, and lymphocytes.
Other cells that may also be present include 
B cells, plasma cells, NK cells, fibroblasts, and
neutrophils. As noted in discussions of GCA and
TA (see above), TNF-α and IFN-γ have been
shown to be important in the process of giant
cell and granuloma formation.55,56
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In active WG, macrophages are activated, as
reflected by increased expression of surface
markers and production of neopterin, a mono-
cyte-specific protein.57,58 Peripheral blood mono-
cytes from WG patients produce increased IL-12
and IL-18, thereby favoring a Th1 pattern of
cytokine secretion (Figure 37.3).59 TNF-α, INF-γ,
IL-12, and IL-18 have been identified in diseased
tissues, consistent with a Th1-mediated
process.59–61 Based upon these data, it has been
hypothesized that dysregulated secretion of Th1
cytokines may be important in the granuloma-
tous inflammation seen in WG.

Genetic influences

The role of genetic influences in WG and MPA
has remained an area of intense interest and
investigation.62 Although there have been lim-
ited data thus far to suggest clear genetic associ-
ations with these diseases, one of the most
intriguing areas of study has focused on genetic
polymorphisms of costimulatory molecules in
the pathogenesis of WG. Cytotoxic T-lympho-
cyte antigen 4 (CTLA-4) has been found to play
an important role in regulation of T-cell immune
responses through inhibition of the costimulatory
signal required for complete T-cell activation.63,64

Polymorphisms in the CTLA-4 gene have been
identified and are associated with various
autoimmune diseases, including WG.65 In both
Swedish and American cohorts, significant dif-
ferences were found to exist in a microsatellite
polymorphism, (AT)n, located in the 3’-untrans-
lated region of exon 3 in WG patients and
normal controls. The shortest microsatellite
allele (86 AT base pairs) was markedly under-
represented in WG patients compared with
normal controls.65,66 The shorter CTLA-4 alleles
are associated with a more stable form of mes-
senger RNA and, consequently, greater CTLA-4
protein production. Under-representation of
these alleles in WG patients could then result in
less cell surface CTLA-4 expression, with the
end result being enhanced T-cell activation
(Figure 37.4). In another study, CD4+ T-cell 
surface expression of CTLA-4 was found to be
increased in WG,67 reflecting an activated 
state. However, upon stimulation by mitogen,
these T cells failed to up-regulate CTLA-4, again
suggesting an impairment of T-cell function in
WG. Collectively, these data raise further 
questions about the role of cellular immunity
and T-cell activation in WG and whether this
represents a potential avenue for therapeutic
exploration.
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Figure 37.3 Immune dysfunction in Wegener’s granulomatosis. BPI, bacteriocidal permeability increasing protein; HNE, human

neutrophil elastase; LF, lactoferrin; MF, macrophage; MPO, myeloperoxidase.
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Role of ANCA

The high degree of association between ANCA
and the small vessel vasculitides of WG and
MPA has raised important questions regarding
their role in disease pathogenesis. Arguing against
a primary pathogenic role for ANCA has been
the existence of patients with well characterized
disease who lack ANCA, the absence of a tight
association between ANCA and disease activity,
the ability for patients to have high levels of
ANCA yet remain in clinical remission, and the
inability of this model to account for selection of
targeted organs in these diseases.

Despite these questions, there has been a grow-
ing body of evidence from in vitro and in vivo
murine studies to support a pathogenic role for
ANCA. ANCA are directed against enzymes
located within the cytoplasm or cytoplasmic gran-
ules of neutrophils and the lysosomes of mono-
cytes.68 In WG patients, specificity of ANCA is
usually to proteinase 3 (PR3) (~80%), and less
often to myeloperoxidase (MPO) (~20%), whereas
in MPA, ANCA most often target MPO. ANCA
can be detected in the majority of patients with
active generalized WG and MPA. Substantial 
in vitro evidence points to a pathogenic role for
these antibodies.68–71 One proposed sequence of
events leading to vessel injury suggests an inter-
action between activated endothelial cells,
PMNs, and monocytes that have been attracted

by chemokines and are bound by adhesion mol-
ecules. When primed by inflammatory stimuli,
PMNs and monocytes express PR3 and MPO on
their surface.72,73 ANCA can bind to PR3 or MPO,
and fully activate the PMNs, with resultant
degranulation and enhanced respiratory burst.68,74

When they are in proximity to endothelial cells,
cytotoxity from proteolytic enzymes and reactive
oxygen intermediates (ROI) may result.74 In
addition, free PR3 may also become bound to
endothelial cells. In vitro, ANCA binding to 
PR3 present on endothelial surface have been
shown to induce neutrophil-mediated antibody-
dependent cell cytotoxicity (ADCC).75 Thus,
vessel damage may result from the combined
effects of proteolytic enzymes, ROI, and ADCC.
Adding to this experience have been data gained
from the investigation of ANCA utilizing an
innovative MPO knockout (KO) mouse model.76

In these studies, MPO KO mice were immunized
with mouse MPO. Splenocytes from these 
mice and control mice were injected into mice
lacking functional T or B lymphocytes. Only
mice that received anti-MPO splenocytes 
developed severe necrotizing and crescentic
glomerulonephritis. Purified anti-MPO IgG 
was then obtained from the MPO KO mice 
and injected into healthy wild-type mice and
mice lacking functional T or B lymphocytes. The
introduction of anti-MPO IgG was able to cause
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pauci-immune glomerular necrosis and crescent
formation in both populations of mice regardless
of whether there was a deficient or intact
immune system. While this series of experiments
provides compelling evidence of a direct patho-
genic role for ANCA IgG in the animal model,
its direct applicability to human disease remains
unclear.

Developing new therapies from new insights

The introduction of agents capable of blocking
TNF together with the strong body of evidence
linking this cytokine with tissue injury in 
WG made TNF inhibitory therapies an attractive
choice for therapeutic investigation in this dis-
ease. In a pilot study aimed at evaluating the
safety of etanercept in WG, 20 patients received
the drug at a dose of 25 mg subcutaneously, twice
a week, together with conventional therapy.77

During the 6-month period of the trial, a favor-
able safety profile was observed and 16 patients
(80%) achieved remission at some point,
although mild-to-moderate flares were reported
in 12 patients.

These encouraging results led to the WG
Etanercept Trial (WGET), a multicenter, double-
blind, placebo-controlled, randomized trial in
which the objective was to test the efficacy of
etanercept in maintaining disease remission
when added to conventional therapies.78 In this
trial of 180 patients, there were no significant
differences between etanercept and placebo in
rate of sustained remission, sustained periods of
low levels of disease activity, time to sustained
remission, or number of disease flares. These
results therefore, did not provide support for the
use of etanercept in either the induction or the
maintenance of remission in WG. Of particular
concern was the observation that six patients in
the etanercept arm developed solid malignan-
cies, all of whom were also treated with CP
during the trial.79 These findings suggest that the
combination of TNF inhibition and CP may
heighten the risk of cancer beyond that observed
with CP alone.

A question that has been raised is whether
there could be therapeutic differences between
anti-TNF agents in WG, as was observed in
Crohn’s disease. To date, there have been no

randomized controlled trials examining inflix-
imab or adalimumab in WG. Outside of several
small series involving less than 10 patients,80,81

the largest published experience comes from the
use of infliximab that was given to 32 patients
with WG or MPA.82 Patients reported in this
study fell into two groups, 16 patients with acute
disease or relapse where infliximab was added
to standard induction therapies and 16 patients
with persistent disease where infliximab was
added to the patients’ existing treatment regi-
men. Although 88% of patients experienced
remission, severe infections occurred in 21% 
of patients and two patients (7%) died. These 
data raise further concern regarding the safety
and utility of anti-TNF therapies in WG. 
Unless further information emerges, TNF modu-
latory therapies are not recommended for use 
in WG.

The exploration of B-cell-depleting therapies
was initially prompted by the question as to
whether removal of the cellular precursor to
ANCA-producing plasma cells could be of ben-
efit in reducing disease activity. B-cell depletion
can be achieved with rituximab, a humanized
mAb directed against CD20, a B-cell-restricted
differentiation antigen. In a study of one patient
who suffered from a chronic relapsing course of
WG associated with PR3-ANCA, the administra-
tion of rituximab and solumedrol brought about
a reduction of ANCA and improvement in dis-
ease activity.83 This favorable experience
prompted further study of rituximab through
compassionate and open-label trials.84,85 These
studies collectively demonstrated that following
rituximab treatment all patients achieved swift
B-lymphocyte depletion, and complete clinical
remission. Remission was maintained while B cells
were absent, with relapse occurring in some
patients following reconstitution of B lympho-
cytes. Overall, rituximab had a favorable side
effect profile consisting of mild infusion-related
events and non-serious infections primarily
affecting the upper respiratory tract. Of interest
was that although modulation of ANCA had
been the initial rationale for studying rituximab
in WG, ANCA levels did not become negative 
in all patients, particularly on retreatment in the
absence of CS. This has raised important ques-
tions regarding the pathways through which 
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rituximab may be acting in WG and in turn how
these pathways may reflect the pathophysio-
logic mechanisms taking place in WG.86 These
questions are currently being explored through
an ongoing randomized, double-blind trial, that
will compare the efficacy of rituximab to CP for
remission induction in WG and MPA.

The role of T-cell activation together with the
data regarding CTLA-4 polymorphisms in WG
has made costimulation blockage an interesting
area for therapeutic investigation. Abatacept
(CTLA-4–Ig) is a soluble fusion protein consist-
ing of CTLA-4 linked to the Fc portion of a
human IgG1 antibody that was approved by the
FDA in 2006 for the treatment of RA. The utility
of this agent in WG remains unknown.

CHURG–STRAUSS SYNDROME

Churg–Strauss syndrome (CSS) is a rare vasculitic
disorder, occurring in 2.4 patients/million pop-
ulation.87 The full-blown vasculitic syndrome 
is typically preceded by a prodromal phase 
of asthma, allergic rhinitis, and eosinophilia.
Peripheral neuropathy, cutaneous purpura, 
gastrointestinal symptoms, cardiomyopathy,
non-cavitating pulmonary infiltrates, and
glomerulonephritis are the characteristic vas-
culitic manifestations of CSS.87–89 CS used as the
sole agent may be able to achieve remission for
patients without critical organ- or life-threatening
disease.90 For more serious or refractory disease,
another immunosuppressive agent, usually CP,
is added and can be changed to a less toxic drug
as the disease enters remission.87–89,91

Evolving concepts in pathogenesis

ANCA positivity has been reported with vari-
able frequency, ranging from approximately
one-third to two-thirds of patients.92 Given 
the large proportion of patients with CSS who
are ANCA-negative, it appears unlikely that
ANCA play a major or essential role in patho-
genesis. Evidence suggests that CSS is predomi-
nantly a T-cell-mediated process.93 Activated 
T cells (CD4+ and CD8+) are present in diseased
tissues and in peripheral blood.94,95 T-cell lines 
in CSS are characterized by both a Th1 and 
Th2 response.93 However, the cytokine profile in

peripheral blood (IL-13, IL-4, and IL-10) sug-
gests that a Th2 process predominates in CSS.93

The prominent eosinophilia and eosinophil-
rich infiltrates that are found in CSS, as well 
as the observation that disease activity is closely
linked to eosinophil counts, suggest that
eosinophils play a central role in CSS. However,
the factors that bring about the increased 
activation and numbers of eosinophils in CSS
are unknown. One hypothesis regarding the
origin of eosinophilia in CSS is that this results
from a hypersensitivity reaction to an exogenous
antigen, as disease onset has been linked to prior
vaccination, desensitization, drugs,96 and inhala-
tion of allergens.97 Proteins stored within the
eosinophils’ granules may be responsible for 
the tissue damage seen in CSS. In the idiopathic
hypereosinophilic syndrome, eosinophil cationic
protein is thought to be responsible for the
observed cardiotoxicity and could also be impor-
tant in CSS.98 Another protein, eosinophil-
derived neurotoxin, could participate in causing
neuropathy. Eotaxin, a chemokine specific for
eosinophils,99 has been shown to induce the
expression of the adhesion molecules intercellu-
lar adhesion molecule-1 (ICAM-1) and vascular
cellular adhesion molecule-1 (VCAM-1) on
endothelial cells.100

CSS: developing new therapies from new
insights

To the extent that eosinophils may be prominent
factors in CSS, novel therapies that block 
their recruitment and activation may be useful
avenues for investigation as these become avail-
able. IFN-α, an inhibitor of eosinophilopoiesis
and degranulation,99 has been studied in CSS.89

In a small, open-label trial four patients with
CSS partially responsive to high doses of CS and
cytotoxic agents were treated with varying doses
of IFN-α.101 Improvement was dose-dependent
and correlated with a decrease in eosinophil
counts. Rapid improvements in pulmonary func-
tion and skin lesions in one patient were also
reported in another publication.102 However, a
recent report has described the development of
leucoencephalopathy in 2 of 12 patients with
CSS who had received IFN-α.103 Although a
strict causal relationship cannot be determined,
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leucoencephalopathy has been described in
patients treated with IFN-α for other diseases and
these two cases suggested that IFN-α may also
cause cerebral cytotoxicity in CSS. This experi-
ence suggests that the use of IFN-α should be
avoided except in instances where patients have
been unresponsive to other forms of treatment
and are closely monitored by cerebral MRI to
detect asymptomatic leucoencephalopathy at an
early stage.

VASCULITIS ASSOCIATED WITH 
CHRONIC VIRAL INFECTION

There is perhaps no area of vascular inflamma-
tory disease where the rationale for a biological
approach is more inviting than for those vas-
culitic syndromes associated with chronic viral
infections.

Traditional therapies for vasculitis rely 
on broad-based immunosuppression, which is
clearly not appealing from the perspective of
controlling underlying infectious diseases, and
thus a more selective approach to controlling
both infection and inflammation is highly desir-
able. Advances in our understanding of viral
pathogenesis, including the role of cytokines,
and the development of new and more effective
antiviral agents offer new therapeutic approaches
to many of these disorders.

The pathogenesis of virus-associated vasculi-
tis is heterogeneous. At least two major mecha-
nisms are involved. First, viral replication within
the vessel itself may induce direct injury (e.g.
equine viral arteritis). Second, vascular inflam-
mation and damage might result from immune
mechanisms, humoral and/or cellular, directed
against the virus itself. While numerous viral
pathogens have been implicated in the patho-
genesis of vasculitis, the evidence for causality is
most robust for hepatitis B virus (HBV) and hep-
atitis C virus (HCV).104

Hepatitis B virus

There are two types of vasculitic syndromes
associated with HBV infection. A self-limiting
small-vessel vasculitis affecting mainly the skin
has been described in the early stages of the infec-
tion. This condition is generally self-limiting 

and subsides with the appearance of jaundice.
Circulating immune complexes (ICs) appear to
play a critical role in this syndrome, having 
been detected in the circulation, synovium, and
vessel wall.105

The other form of vascular inflammatory 
disease, namely a polyarteritis nodosa-like vas-
culitis, is far more serious. The term ‘polyarteri-
tis nodosa (PAN)-like’ is used because primary
PAN is not associated with a known infectious
agent. HBV with a medium-sized vessel arteritis
is characterized by multisystem involvement. 
It usually occurs in the early stages of chronic
HBV infection,106 generally the first 6–12 months
following acute HBV infection. The clinical 
manifestations are similar to those of the idio-
pathic form of the disease. Despite its explosive
nature, HBV arteritis usually lasts for only a few
months. In successfully treated patients, relapses
are rare.

Conventional therapy of HBV-associated
vasculitis

The standard therapy of idiopathic PAN with
high dose CS and CP is also effective in control-
ling the vascular inflammatory phase of HBV-
associated arteritis in the short term, but long-
term results demonstrate near-universal viral
persistence, virus-associated complications, and
relapse.107,108 More recent strategies for HBV-
associated arteritis have focused on control of
both vascular inflammation and viral infection.

New insights into pathogenesis,
new opportunities for therapy

The pathogenesis of this syndrome appears to
involve both viral and host elements, with the
formation and deposition of viral-specific ICs.108

A number of studies have provided evidence for
a role of ICs in both the early occurring small-
vessel vasculitis form of disease and the more
severe systemic arteritis phenotype.109 Evidence
includes the presence of circulating ICs contain-
ing HBV-specific antibody and complement,
hypocomplementemia, and vascular deposition
of virus and host-derived immune products. It is
not clear whether the pathogenic antigen is actu-
ally HbsAg, as originally thought, or HbeAg.108
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Despite the lack of controlled data, Guillevin
and Trepo have demonstrated the efficacy of a
combination of therapies for HBV-associated
systemic arteritis.108 Each of their trials has
applied four principles: (1) initial use of CS to
rapidly control vascular inflammation; (2) dis-
continuation of CS after about 2 weeks, so as not
to compromise immunologic clearance of HBV;
(3) concurrent best available antiviral therapy;
and (4) plasma exchange to facilitate clearance 
of ICs. This strategy has appeared to improve
outcomes and favor HbeAg to HbeAb serocon-
version.

The antiviral therapy approach was initially
employed with the relatively weak antiviral agent
vidarabin, subsequently with IFN-α, and most
recently with the antiviral nucleoside analog
lamivudine. Response rates have improved to
90%, with HbeAg to HbeAb seroconversion
noted in 70% of patients. Because the vascular
inflammation is linked to HBV replication,
prospects for improved therapy for vasculitis are
tied to new and more effective antiviral drugs. In
the past few years several new agents have been
approved for HBV treatment including PEG-
IFN-α, adefovir dipivoxil, and most recently ente-
cavir. To date there are no reports of their use in
this setting, although both adefovir and especially
entecavir have strong therapeutic advantages,
which make them attractive alternatives to
lamivudine.

Unresolved questions include the following.
What is the relative importance of CS therapy
and plasmapheresis in this treatment regimen?
Is it possible that only antiviral therapy may be
adequate for certain patients with milder 
forms of HBV-associated arteritis? What is the
ideal or optimal antiviral agent or agents? It is
unlikely that large-scale controlled trials of this
rare complication of HBV infection will ever be
performed.

Hepatitis C virus

HCV has most frequently been associated with
small-vessel vasculitis resulting from deposition
of IC-containing cryoglobulins in the vessel 
wall (HCV-associated mixed cryoglobulinemia
or HCV-MC). Small studies and scattered case
reports have indicated the occasional association

of HCV with medium-sized (PAN-like) or large-
vessel vasculitides.

In the more common form of HCV vasculitis,
HCV-MC, the clinical findings can range from a
pure cutaneous leukocytoclastic vasculitis to a
multisystem disorder including neuropathies
and membranoproliferative glomerulonephritis.
The clinical features of HCV-MC are outlined in
Table 37.2.110 The clinical features of the PAN-
like disorder associated with HCV are more rem-
iniscent of idiopathic PAN with larger-caliber
vessel involvement.111 It should be emphasized
that such cases of PAN-like HCV are quite rare.

Conventional therapy of HCV-associated
vasculitis

Prior to the molecular discovery of HCV in 1989
the standard therapy of ‘essential’ MC was a
combination of CS, CP, and plasmapheresis.112

Such therapy appeared to be effective in the
short term but for the most part was palliative
and rarely led to long-term remission. In addi-
tion, past literature about ‘essential’ cryoglobu-
linemia described an increased incidence of
lymphomas among CS/CP-treated patients.
This gave further pause to the chronic use of
alkylating agents in the treatment of HCV vas-
culitis. Given that > 90% of ‘essential MC’ cases
have been found to be associated with chronic
HCV infection, treatment strategies have been
reconsidered.
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Table 37.2 Clinical findings in hepatitis 
C-associated mixed cryoglobulinemia

Finding Prevalence (%)

Purpura 90–100
Arthralgias 50–90
Weakness 70–100
Peripheral neuropathy 3–70
Renal involvement 10–55
Hepatic involvement 60–70
Splenomegaly 50
Lymphadenopathy Rare–15
Lung involvement Rare
Sjögren’s syndrome 20–40
Raynaud’s phenomenon 10–35
Skin ulcers 10–30

9781841844848-Ch37  8/9/07  5:02 PM  Page 460



New insights into pathogenesis, new
opportunities for therapy

The pathogenesis of this disorder also appears to
involve both viral and host-associated factors.
Clear evidence of both virus and specific anti-
body deposition in ICs has been found in skin
lesions.113 Similar evidence in other organs such
as nerve and kidney has been less compelling. 
A role for virus-specific ICs is also supported by
the high concentration of virus and specific 
antibodies within the cryoprecipitates.110 A clear
correlation exists between the effectiveness of
antiviral therapy, reductions in cryoglobulin
concentrations, and improvements in vasculitis,
all of which supports a direct role of HCV as 
a cause of small-vessel vasculitis in certain pre-
disposed individuals.110 In the far less common,
medium-sized artery form of illness, data on
pathogenesis are quite limited. Viral-associated
ICs are also presumed to play a critical role in
this phenotype, but the reasons for differences in
selection of vessel types and the more fulminat-
ing course of illness remain unknown.

In addition to IC-mediated vasculitis, HCV
infection is associated with a spectrum of lym-
phoproliferative disorders. These range from
monoclonal gammopathies of undetermined
origin (MGUS), generally of the IgG class, to low-
grade lymphoproliferative disorders resulting in
the elaboration of monoclonal immunoglobulins
of the IgM class that have rheumatoid factor (RF)
activity.114 Rarely, patients may also develop 
de novo high grade lymphomas of the non-
Hodgkin’s disease type.114 The RF produced in
the setting of chronic HCV infection appears to
arise from a limited set of genes of germ-line
origin. The precise stimuli for these monoclonal
RFs are still ill-defined. They may arise as a poly-
specific response to an HCV-related stimulus and
gradually evolve into a monoclonal response, in a
stepwise fashion. Alternatively, they may arise
clonally in a de novo fashion. There is evidence
that limited somatic mutations may then lead 
to the acquisition of RF activity, suggesting 
that some element of antibody formation is 
HCV antigen-driven. At this stage, the disorder
becomes less dependent on viral stimulation 
and may pose a further challenge for designing
therapy.

The current therapeutic approach to vasculitis
in the setting of chronic HCV infection is
directed at both the vascular inflammatory 
state and the underlying viral infection. Data are
limited. There have been three controlled trials
of IFN-a in the setting of HCV-associated MC.
Each study has demonstrated transient benefit
in those patients who have had a good antiviral
response;115 unfortunately, the rate of relapse
was nearly 100% following discontinuation of
therapy. This high relapse rate reflects the recog-
nized ineffectiveness of IFN-α monotherapy for
treating chronic HCV infection. More recently,
newer therapies, including combinations of IFN-α
and the nucleoside analog ribavirin, have signif-
icantly increased the enduring viral response
rate in HCV infection. Newer versions of IFN-α
incorporating polyethylene glycol (PEG) also
appear to have improved pharmacokinetic prop-
erties of this agent as well as the viral response
rate. There are only limited reports, which 
are uncontrolled, of combination therapy (i.e.
standard IFN-α and ribavirin). They describe
encouraging results in small numbers of patients
with HCV-MC.116 Even more limited are reports
of successful therapy of HCV-MC with PEG-
IFN. In a recent pilot study117 PEG-IFN plus 
ribavirin achieved a higher rate of complete 
clinical response in a shorter treatment period
(14 months) than those previously reported with
IFN-α and ribavirin.

Unfortunately, even with an improved antivi-
ral armamentarium, there appears to be a need
for concomitant immunosuppressive therapy in
HCV-MC and HCV arteritis patients.115 This 
is especially true of those patients with more
severe forms of disease, e.g. severe skin involve-
ment, motor neuropathies, and progressive
renal disease. The use of antiviral agents alone,
in such patients, is often inadequate and has led
to exacerbations and even death in rare cases.
Although there are no controlled studies of dif-
ferent therapeutic regimens for such patients, a
stepwise algorithm has been recently pro-
posed115 and is summarized in Table 37.3.

There are increasing numbers of reports in the
form of case studies and small series describing
the efficacy of anti-CD20 mAb (rituximab) in
patients with HCV-MC vasculitis who are resis-
tant or intolerant to IFN-α monotherapy.118–121
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Such an approach involves the use of mAbs
directed to CD20 antigen, a transmembrane 
protein expressed on pre-B lymphocytes 
and mature lymphocytes but not stem cells or
mature plasma cells. Rituximab proved most
effective on cutaneous vasculitis, subjective
symptoms of peripheral neuropathy, arthralgia,
and low grade B-cell lymphoma. Results of such
therapy on HCV-associated renal disease are
more limited. Most clinical responders had
decreases in serum cryoglobulin levels and
increases in C4 serum levels, although not to
normal levels. In one study a rise in HCV viral
load of 0.3 logs was noted at the end of the
study, although the clinical significance of this is
yet unknown. Such studies should be consid-
ered preliminary at present and B-cell targeted
therapy should be reserved for those failing 
or intolerant of standard treatments awaiting
further data.

Non-HCV-associated cryoglobulinemia

Cryoglobulins containing a monoclonal immuno-
globulin component (types I and II) may arise in
a variety of settings aside from chronic HCV
infection. These include lymphoproliferative
disorders such as Waldenstrom’s macroglobu-
linemia, non-Hodgkin’s lymphoma and, rarely,

‘autoimmune’ diseases, especially Sjögren’s 
syndrome.122 The clinical manifestations of 
cryoglobulinemic vasculitis in these settings
may be particularly severe. In addition to 
visceral target organ involvement, cold-induced
ischemic changes in the extremities may lead to
occlusive vasculopathy and gangrene. Traditional
therapy of non-HCV-associated cryoglobuline-
mia has generally been directed at the underly-
ing condition. Idiopathic or ‘essential cases’ have
been treated with combinations of plasmaphere-
sis, high-dose CS and CP, and other cytotoxic
agents.122 The knowledge that all type I and 
type II cryoglobulins are associated de facto with
clonal B-cell expansions provides a theoretical
basis for treatment with more specific therapies
such as the anti-CD20 chimeric mAb (rituximab).
Rituximab has recently been reported to be success-
ful in treating several other autoimmune disorders,
including immune-mediated thrombocytopenia.123

To date, there are only anecdotal reports of effi-
cacy in such settings.124
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INTRODUCTION

The myositis syndromes, or idiopathic inflam-
matory myopathies (IIMs), are a diverse group
of rare, acquired, systemic disorders, which
share the primary feature of chronic muscle
inflammation of unknown cause.1 The main clin-
icopathologic forms of these juvenile and adult
onset diseases are polymyositis (PM), dermato-
myositis (DM), and inclusion body myositis
(IBM), but less common variants include cancer-
associated forms and those in which myositis is
seen as an overlap syndrome with other disor-
ders such as lupus or scleroderma. Given that
the pathogeneses are unknown, but that inflam-
mation in affected tissues is the primary patho-
logic finding associated with muscle weakness
and other symptoms, the treatment of these con-
ditions has been directed at inhibiting immune
responses via immunosuppressive agents and at
strengthening remaining muscles via exercise
and physical therapy. In the past, most immuno-
suppressive therapies have been non-specific in
terms of cellular targets, but recently, clinical
trials have attempted to utilize new information,
which suggests possible immune-mediated
pathogenetic mechanisms, to more finely focus
therapy to the relevant molecular targets. This
chapter summarizes current evidence support-
ing this more targeted molecular biologic
approach in myositis and the preliminary clinical
findings that have resulted from them.

PATHOLOGY AND IMMUNE ABNORMALITIES

Whatever mechanisms are hypothesized to
result in the IIM must be consistent with the
pathology that is seen.2 The pathology in the
muscle, skin, and other affected tissues is charac-
terized by collections of mononuclear cells.3 This
inflammation is often focal and inhomogeneous.
Thus, essentially normal tissue can be present
next to active inflammatory lesions, which can
juxtapose areas characterized by nearly com-
plete fibrosis from prior inflammation. In skele-
tal muscle, the muscle cells (myocytes) show
evidence of focal necrosis with degeneration and
regeneration and there is often increased con-
nective tissue or fibrosis in the interstitial areas
around the myocytes.

Immunohistochemical and other investiga-
tions implicate different pathogeneses in the
various forms of myositis.1,4,5 In PM and IBM,
the weight of evidence suggests a predominant
cytotoxic T-lymphocyte-mediated process with
CD8+ T cells surrounding and invading other-
wise normal appearing myocytes in endomysial
areas. In DM, on the other hand, the infiltrate is
mainly B lymphocytes and CD4+ helper T cells in
perimysial areas around the muscle fascicles 
and small blood vessels. Blood vessel pathology
with endothelial cell damage from complement
deposition and atrophy of the myofibers at the
periphery of the fascicle due to the more tenuous
blood supply in this area – called perifascicular
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atrophy – is also characteristic of DM, as well as
a decrease in the overall vasculature in muscle.6

Of interest, the same cellular infiltrates and vas-
culopathy found in muscle are also present in
the skin and other target organs in DM.1,7 IBM
differs pathologically from PM and DM by the
presence of myocytes with characteristic reddish
inclusions and vacuoles rimmed by purple gran-
ules on trichrome staining, as well as by amyloid
beta protein deposition and nuclear or cytoplas-
mic 15–18 nm tubulofilamentous inclusions as
demonstrated by electron microscopy.8

The immunopathology in the IIMs consists of
a wide variety of cellular and humoral abnor-
malities (Table 38.1). Cellular findings include 
T and B lymphocyte activation in circulation 
and infiltrating target tissues. A variety of lines
of other evidence are consistent with the work-
ing hypothesis that cell-mediated myotoxicity is
operative, especially in PM and IBM.9 Humoral
abnormalities include autoantibodies, which are
found in over 90% of PM and DM patients.10

Although it remains unclear what role, if any,
autoantibodies play in IIM pathogenesis, they
inhibit the function of their targets, serum 
levels of autoantibodies do correlate highly with
myositis disease activity, and they can become

negative after prolonged remission.11–14 The
most frequent autoantibodies in IIMs are anti-
nuclear antibodies (ANAs), but many others are
commonly seen, including rheumatoid factor (RF),
anti-La, anti-Ro, and those known as myositis-
associated autoantibodies (anti-U1RNP, anti-
PM/Scl, anti-Ku, and anti-p155 autoantibodies).15

None of these are diagnostic for PM or DM, but
if present, they do assist in distinguishing the IIM
from other non-inflammatory forms of myopa-
thy. About a third of IIM patients have autoanti-
bodies that are diagnostic for IIM, known as
myositis-specific autoantibodies.16 The most
common of these are anti-synthetase (including
anti-Jo-1) autoantibodies, anti-signal recognition
particle (SRP) autoantibodies, and anti-Mi-2
autoantibodies. Each of these autoantibodies is
strongly associated with a distinct clinical pres-
entation, immunogenetic risk factor, response to
therapy, and prognosis, suggesting that each may
represent a truly different myositis syndrome.17, 18

POSSIBLE PATHOGENIC MECHANISMS

The inflammatory pathology, the frequent 
finding of autoantibodies and other immune
abnormalities, the overlap of myositis with
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Table 38.1 Summary of immune abnormalities in the myositis syndromes

Cellular abnormalities
- Activated CD8+ T lymphocytes in the periphery and target tissues in PM and IBM
- Activated CD4+ T and B lymphocytes in the periphery and target tissues in DM and JDM
- Soluble circulating T-cell activation markers including sIL-2R, sCD4, and sCD8
- Elevated cytokine and chemokine levels in circulation and increased expression in target tissues
- Abnormal trafficking of peripheral blood mononuclear cells to muscle
- T-cell stimulatory responses to autologous cultured muscle cells
- T-cell cytotoxicity to allogeneic and autologous cultured muscle cells
- Restricted T-cell receptor expression by circulating and muscle-infiltrating T cells
- Perforin release and granule orientation toward target tissues in PM and IBM
- Oligoclonal expansion of CD8+ T cells in PM and IBM
- Many DC-LAMP+ mature dendritic cells seen in DM muscle

Humoral abnormalities
- Myositis-associated autoantibodies (anti-U1RNP, anti-Ku, anti-PM/Scl, anti-p155)
- Myositis-specific autoantibodies (anti-synthetase, anti-Mi-2, anti-SRP)
- Circulating immune complexes in DM
- C3 and immune complex deposition in endothelium and muscle in DM
- Membranolytic attack complex of complement on microvascular endothelium in muscle and in skin in DM and JDM

PM, polymyositis; DM, dermatomyositis; JDM, juvenile DM; IBM, inclusion body myositis; sIL-2R, soluble interleukin-2 receptors; sCD4, soluble
CD4; sCD8, soluble CD8; SRP, signal recognition particle.
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autoimmune diseases such as systemic lupus ery-
thematosus (SLE) and rheumatoid arthritis (RA)
in some patients, the immunogenetic risk factors,
and the clinical response to anti-inflammatory
agents – all suggest an immune-mediated com-
ponent to the pathogenesis of the myositis syn-
dromes.1 As is the case with other autoimmune
conditions, however, the IIMs are likely complex
disorders resulting from chronic immune activa-
tion and dysregulation following selected envi-
ronmental exposures in genetically susceptible
individuals.19 As summarized above, many lines
of current evidence suggest that the mechanisms
differ for different forms of myositis and possi-
bly differ at different stages of disease.4,18,20,21

Therefore, although the cause of IIM is
unknown, immune-mediated mechanisms cer-
tainly play a role in disease pathogenesis. Yet,
possibly due to different methodologies and the
assessment of relatively small numbers of
patients from different populations, prior stud-
ies have sometimes been contradictory and the
exact mechanisms that result in the myositis 

syndromes remain unclear. Some immunopatho-
genetic mechanisms appear to be common to
different phenotypes, while in other cases the
mechanisms may differ.

Immune-mediated mechanisms

Given the pathology seen in the IIMs, a number
of investigations have focused on understanding
possible immunoregulatory control mechanisms
that could account for the inflammation seen. 
A variety of lines of evidence have shown abnor-
malities in the expression of immunological
synapse components, cytokines, chemokines
and their receptors, costimulatory molecules,
cell migration regulators, matrix metallo-
proteinases (MMPs), complement factors, and 
endoplasmic reticulum (ER) stress response
components in association with immune effector
and/or target cells in IIMs (Table 38.2). Further
evidence for the linkage of many of these findings
to the disease process comes from investigations
that suggest strong correlations between the
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Table 38.2 Possible targets for biologic therapy of idiopathic inflammatory myopathies (IIMs)

Increased expression 
Target in IIM Comments References

Immunological synapse components
HLA class I PM, DM, JDM, IBM Classical HLA A, B, and C antigens on myocytes 96, 97
HLA-G PM, DM, IBM Non-classical HLA class I protein co-expressed 98

on all HLA class I+ myocytes
HLA class II PM, DM, JDM, IBM Increased expression by PBLs and myocytes 99, 100
TCR PM, IBM, anti-Jo-1 Restricted a/b families found in the periphery 101–104

autoantibody+ and muscle-infiltrating T cells
ICAM-1 PM, DM, JDM, IBM Expressed on muscle microvessel (arteriole, 105–109

capillary, and venuole) endothelium (more 
prominent in JDM) and myofibers (more 
prominent in PM and DM)

LFA-1a PM, DM Expressed on muscle-infiltrating T cells 108, 110
ICOS, ICOS-L PM, DM, IBM Supports role of CD8+ T cells in pathogenesis 111

Cytokines
IL-1a PM, DM, JDM, IBM Expressed by endothelial cells > inflammatory 96, 112

cells, may be directly myotoxic
IL-1Ra PM, DM, JDM Increased circulating levels, polymorphisms 113–115

in gene a risk factor for JDM
IL-1b PM, DM, IBM Expressed on inflammatory cells 110, 112
IL-6 Possibly in PM, DM, IBM Constitutive expression by myoblasts 116
TNF-α PM, DM, JDM, IBM Expressed on CD8+ T cells and myocytes and 117–119

increased in serum; may be directly myotoxic
sTNF-R PM, DM, JDM Elevated in serum 113, 120

Continued
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immune abnormalities noted and the severity 
of disease.1 Some of these studies also suggest
that myocytes, myoblasts, or endothelial cells
themselves may serve as antigen-presenting
cells (APCs), but the finding of CD86/CD40 
and CD86/MHC class II antigens and cells with 
dendritic cell (DC) morphologies in myositis

muscle biopsies implies that some professional
APCs may also be present in the inflamed
muscle tissue.22,23

Recent findings suggest that the autoanti-
genic aminoacyl-tRNA synthetases may perpet-
uate the development of myositis by recruiting
mononuclear cells that induce innate and 
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Table 38.2 Possible targets for biologic therapy of idiopathic inflammatory myopathies (IIMs)—cont’d

Increased expression 
Target in IIM Comments References

TGF-β1-3 PM, DM, IBM Antigen and mRNA both up-regulated in muscle 110, 112
IFN-α/β DM IFN signatures distinguished DM from PM and IBM 60

Chemokines/receptors
MIP-1a (CCL3) PM, DM, IBM Both message and protein increased 112, 121
MIP-1b (CCL4) PM, DM, IBM Both message and protein increased 121
RANTES (CCL5) PM, DM, IBM Expressed on inflammatory cells 121
MCP-1 (CCL2) DM > PM, IBM Expressed on myocytes, binds to CCR2 122
CCR2 PM and IBM > DM Expressed on vessel walls and mononuclear 122

cells, the primary receptor for MCP-1

Co-stimulators
BB-1 (CD 80, B7 family) Expressed on MHC-I+ cells and makes 123

contact with CD28 or CTLA-4
CD40 PM, DM Expressed on myocytes 124
CD40L PM, DM Expressed on muscle-infiltrating T cells 124
CTLA-4 PM, DM Expressed on muscle and infiltrating T cells 125
CD28 PM, DM Expressed on muscle cells 125

Cell migration regulators
VCAM-1 PM, DM, IBM Studies suggest different expression in 105–107,

different groups 109
VLA-4 PM, DM, IBM Up-regulated on infiltrating leukocytes; interacts 126

with VCAM-1 expressed on endothelial cells
CD142 and CD31 DM Both molecules facilitate dendritic cell 23

transmigration

Metalloproteinases
MMP-9/MMP-2 PM, IBM MMP-9 and -2 on non-necrotic and MHC- 127

1-expressing myofibers; MMP-9 on CD8+ T cells

Complement factors
C3, C5b-9 membrane DM, JDM C3 and the membranolytic attack complex on 35, 128

attack complex capillary endothelium and myocytes

ER stress response
Protein 78 pathway PM, DM, IBM Up-regulated compared with controls suggesting a 43, 56

and NF-κB possible non-immune pathogenetic mechanism

PM, polymyositis; DM, dermatomyositis; JDM, juvenile DM; IBM, inclusion body myositis; CD, complementary determining; MNC, mononu-
clear cell; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cellular adhesion molecule-1; LFA-1, leukocyte function-associated
antigen 1; VLA-4, very late antigen-4; TCR, T-cell receptor; HLA, human leukocyte antigen; IL-1, interleukin-1; IL-1Ra, IL-1 receptor antago-
nist; PBL, peripheral blood lymphocytes; TNF-α, tumor necrosis factor-α; TGF-β, transforming growth factor-β; MIP-1, macrophage inflamma-
tory protein-1; RANTES, regulated on activation, normal T-cell expressed and secreted; MCP-1, monocyte chemoattractant protein-1; CCR2,
chemokines receptor-2; CTLA-4, cytotoxic T-lymphocyte antigen-4; MMP, matrix metalloproteinases; C3, third component of complement;
ICOS, inducible costimulatory molecule; ICOS-L, ICOS-ligand.

9781841844848-Ch38  8/9/07  3:42 PM  Page 470



MYOSITIS 471

adaptive immune responses. For example, sev-
eral amino acid domains of the Jo-1 autoantigen
(histidyl-tRNA synthetase) can induce CD4+ and
CD8+ lymphocytes, interleukin (IL)-2-activated
monocytes, and immature DCs (iDCs) to
migrate and are chemotactic for lymphocytes
and activated monocytes.24 Another autoanti-
gen, asparaginyl-tRNA synthetase, induced
migration of lymphocytes, activated monocytes,
iDCs, and CCR3-transfected HEK-293 cells;
however, the non-autoantigenic aspartyl-tRNA
and lysyl-tRNA synthetases were not chemotac-
tic. Therefore, the selection of a self-molecule as
a target for an autoantibody response may be a
consequence of the proinflammatory properties
of the molecule itself.

These findings, taken together, strongly 
suggest intimate cell–cell interactions, cell–cell
communication, and immune activation as 
necessary, but likely not sufficient, activities
prior to cell migration and other effector func-
tions in IIMs. Despite the impressive pathologic
differences in the various forms of IIMs, it is
somewhat surprising that many studies suggest
that the same molecular abnormalities may be
found in all forms of myositis.20,25 Nonetheless, it
remains unclear as to whether these are primary
events or possibly secondary non-specific changes
induced by whatever primary events are actually
triggering these diseases.

Complement

Complement has been hypothesized to play a
role in the pathogenesis of myositis in a number
of possible ways. The first evidence for this came
from early studies demonstrating deposition 
of immunoglobulin and complement (C3) in the
microvasculature, particularly in DM and juve-
nile DM (JDM).26 Since that time, others have
confirmed these findings and suggested the pos-
sible role of infectious agents,27,28 cryoglobulins,29

or other mechanisms to explain these deposits.30

Circulating immune complexes or abnormal
complement levels have also been found in DM31

and PM32 cases and in a spontaneous familial
canine dermatomyositis syndrome that closely
mimics human DM.33,34 The C5b–C9 membrane
attack complex has been implicated in the
pathology of DM vessels and myocytes.35

Hypoxia or oxidative stress

Primary processes – which could be myotrophic
infections, myotoxic or immune-activating envi-
ronmental exposures – may result in secondary
inflammatory responses or altered physiology in
muscle, skin or other target organs.1,36,37 These or
other changes could affect blood supply to mus-
cles and induce subsequent hypoxia. This has
been hypothesized in DM, in which decreased
capillary density and increased markers of
hypoxia, including IL-1 and transforming growth
factor-β (TGF-β) are prominently found,20 and
one study has actually documented hypoxia in
the muscle tissue of myositis patients.38 Hypoxia
may also alter endothelial cell function by
increasing IL-1 and intercellular adhesion mole-
cule-1 (ICAM-1) expression.39 Another pathologic
finding in IIM is that of occasional ragged red
fibers and cytochrome c oxidase (COX)-negative
fibers in muscle biopsies.40 This may be further
evidence for ischemic changes in IIM, since
animal models show similar ischemia-induced
mitochondrial changes and ragged red fibers in
skeletal muscle.41 Alternatively, oxidative stress
may also play a role in IIM, as has been specifi-
cally suggested in IBM based upon the finding 
of excess intracellular nitric oxide, which can
combine with superoxide to produce highly 
toxic peroxynitrite that can nitrate tyrosines of
proteins and possibly result in the misfolding 
of proteins.8,42,43 Additional evidence for meta-
bolic disturbances in myositis comes from mag-
netic resonance spectroscopy studies, suggesting
decreased energy production44 and altered
choline/lipid and creatine/lipid ratios,45 and
from a Coxsackie B virus-induced animal model
in which muscle lactate and CO2 are significantly
elevated.46 Again, the major uncertainty regard-
ing the implications of these metabolic studies is
whether they represent primary etiopathogenic
events or secondary processes resulting from the
complex physiological changes that accompany
chronic inflammatory changes in muscle and
other target tissues.

Direct myotoxic effects from cytokines

The cytokines present in the muscle and endothe-
lium of myositis biopsies may be involved in the
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regulation of immune responses, but may also
have diverse direct effects on muscle and other
target tissues.20 This is true for tumor necrosis
factor (TNF)-α, which has been shown to directly
induce a wide array of changes in muscle 
from accelerated catabolism to contractile dys-
function to inhibition of myogenic differentia-
tion through nuclear factor kappaB (NF-κB).47,48

IL-1a also may play a role in direct myotoxicity
via its influence on insulin-like growth factor,
leading to metabolic disturbances in nutrition
supply49 and by suppressing myoblast prolifera-
tion as well as myoblast fusion, leading to poor
muscle regeneration.50

Inhibitors of apoptosis

Although apoptosis of multinucleated muscle
fibers could be an expected outcome – given the
muscle pathology, the many inflammatory
processes described above, and the fact that
Fas/FasL are expressed in some muscle tissue –
evidence for myocyte apoptosis has not been
convincingly produced in IIM.22 This somewhat
surprising finding has resulted in a number of
investigations that have attempted to define the
mechanisms that may block muscle cell apopto-
sis. Using laser capture microscopy, it has been
shown that Fas-associated death domain-like 
IL-1-converting enzyme-inhibitory protein (FLIP)
is expressed in the muscle fibers and on infiltrat-
ing lymphocytes of myositis biopsies.51 Other
apoptotic inhibitors also appear to be expressed
in myositis biopsies, including an inhibitor of
apoptosis (IAP)-like protein (hILP),52 as well 
as Bcl-2 on Fas+ muscle fibers and Bcl-XL and
cyclin-dependent kinase inhibitory proteins 
p16 and p57 on Fas+ inflammatory cells.53

Therefore, both the effector cells and the target
cells in the muscle of IIM patients may have sep-
arate mechanisms for inhibiting apoptotic
events. Nevertheless, recent findings suggest
that myocyte apoptosis might still be induced
under certain conditions. The expression of
MRP8 and MRP14 by muscle-infiltrating 
activated macrophages was found to associate
with degeneration of myofibers in biopsies, 
and further, purified MRP8/MRP14 complex
inhibited proliferation and differentiation of
C2C12 myoblasts and it induced apoptosis via

activation of caspase-3 in a time- and dose-
dependent manner.54

MHC and the endoplasmic reticulum 
stress response

Although muscle fibers do not normally express
major histocompatibility complex (MHC) class I
antigens, in PM, DM, and IBM, MHC class I anti-
gens are expressed in many myocytes regardless
of whether they are invaded by T cells or contain
vacuoles. This observation, as well as the finding
that transgenic overexpression of MHC class I
can also induce inflammatory myopathies in
mice,55 suggested that combined immune and
non-immune processes involving metabolic
stress due to up-regulation of MHC class I anti-
gen expression may be at work in the IIM. The
assembly and folding of MHC class I molecules
occurs in the ER and involves a complex process
wherein chaperones bind to proteins to assure
their proper folding and to prevent accumula-
tion of unfolded proteins. Studies provide 
evidence that the ER chaperones calnexin, cal-
reticulin, GRP94, BiP/GRP78, and ERp72 physi-
cally associate with AβPP in s-IBM muscle,
suggesting their role in AβPP folding and 
processing.43 In DM the pathways of ER stress
response, the unfolded protein response 
(glucose-regulated protein 78 pathway), and the
ER overload response (NF-κB pathway) were
significantly activated in muscle tissue of human
myositis patients and in the mouse model.56

Taken together, these findings suggest that 
secondary effects of up-regulation of MHC 
molecules may induce both immune and non-
immune processes, both of which may play a
role in IIM pathogenesis via activation of NF-κB,
resulting in the induction of a number of
cytokines, chemokines, adhesion molecules, and
further MHC up-regulation, thus initiating a
self-sustaining positive-feedback loop.

Lessons from gene expression studies

In support of other lines of evidence listed
above, findings from recent gene expression
array investigations in muscle biopsies were that
genes encoding a variety of MHC, immunoglob-
ulin, complement (factor B, C7, factor I, C1S,
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factor H, and C4), adhesion (cathepsin B (CTSB),
Endo 1-associated antigen (CD146), anosmin-1),
angiogenesis (CX3CL1, CCR1, CD47, VCAM-1,
ICAM-1, PECAM1, and ICAM2), chemokine
(CCL2, CCL3, and the CXC-chemokine ligands
(CXCL) 9 and 10) and cytokine (IL-1, IL-2, 
IL-5, IL-10, TNF, and TGF-β) molecules were 
up-regulated in IIM.23,25,57–60 These studies 
also demonstrated up-regulation of interferon
(IFN) signatures as one of the major features 
differentiating DM from PM and IBM, calling
into question the theory of ischemia as the cause
of muscle damage, as IFN signatures are not 
a feature of ischemic tissue. One investigation 
of serial muscle biopsies from three DM and 
four IBM patients, before and after treatment
with intravenous immunoglobulin, suggested
decreases in selected chemokine and ICAM
genes in those DM patients who responded to
therapy.61

BIOLOGICAL THERAPY OF MYOSITIS

The rarity and heterogeneity of the IIMs have
limited therapeutic studies in these diseases.
Additionally, it has been difficult to interpret or
compare the results of the few studies that have
been performed due to the lack of validated out-
come measures, little consistency in the use of
classification criteria and no prior consistency in
clinical trial designs. Only recently have world-
wide, multidisciplinary consortia of experts
been organized (the International Myositis
Assessment and Clinical Studies group, IMACS,
https://dir-apps.niehs.nih.gov/imacs/) to define
and validate outcome measures and standardize
the conduct of clinical trials in juvenile and adult
myositis.62,63

No proven treatments exist for myositis and
those in use often result in serious toxic and other
complications. Standard therapy has focused on
inhibiting immune responses with immunosup-
pressive agents and on strengthening muscles
through exercise and physical therapy.64 The
usual therapeutic approach is to begin treatment
with corticosteroids alone in less severe cases
with good prognostic factors, or corticosteroids
in addition to azathioprine, methotrexate or sim-
ilar non-specific immunomodulatory drugs in
severe cases with poor prognostic factors, using

drug doses proportionate to the degree of dis-
ease activity present.1 Although many patients
respond to such therapies to some extent, the
IIMs remain serious diseases, with high morbid-
ity and mortality, in need of safer and more effec-
tive therapies. The molecular immunopathologic
findings described above have generated inter-
est in developing targeted therapies for IIMs
using similar approaches as have been success-
fully employed in other rheumatic diseases (see
other chapters). Possible common pathogenetic
mechanisms in all forms of IIMs suggest addi-
tional specific targets that may have more gen-
eral applicability. Over the last decade, a variety
of biologic agents have been reported to possibly
benefit IIM patients on the basis of case reports,
case series, or controlled trials (Table 38.3). For
the most part these data represent preliminary,
and sometimes conflicting, clinical observations,
often not controlled, without validated endpoints,
and from which conclusions are unable to be
firmly drawn. Thus, compared with some other
rheumatic diseases, the biologic therapy of
myositis is in its infancy.

Intravenous immunoglobulin

Intravenous immunoglobulin (IVIG) is the 
best studied biologic agent in the treatment of
myositis.65 Based upon empiric IVIG therapy in
a patient with X-linked agammaglobulinemia
who developed echovirus meningoencephalitis
and myositis-fasciitis that resulted in dramatic
clinical response66 and anecdotal responses in
other immune-mediated diseases, controlled
and uncontrolled trials have been reported in
PM, DM, and IBM, and uncontrolled studies
have been performed in JDM and retrovirus-
associated PM (Table 38.3).

The strongest evidence for the effectiveness of
IVIG in IIMs comes from a double-blind, placebo-
controlled, crossover protocol of 1 g/kg/day for
2 consecutive days each month in DM, which
demonstrated an improvement in strength in 
11 of 12 patients who received IVIG compared
with 3 of 11 in the placebo group.67 These
patients also had significant improvements in a
neuromuscular symptoms score and in their
skin rashes. These clinical changes were accom-
panied by significant histologic improvements
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in muscle biopsies, including decreases in the
expression of MHC class I and ICAM-1, and sig-
nificant increases in muscle fiber diameter and
capillary density. The limitations of this study
include the fact that many patients were also
receiving corticosteroids and other immunomod-
ulatory agents that may have influenced these
responses and that each treatment period was
only 3 months long, with little follow-up after
the end of the protocol to assess adverse events
and response durability.

Juvenile-onset DM, which shares many clini-
cal, immunologic, and pathologic features with
adult-onset DM,68 has also been reported to be
responsive to IVIG therapy in uncontrolled 
studies.69 In several small open-label or retro-
spective case series, the majority of patients had
some response; however, often it was short-lived
and, because most patients were also taking
other immunosuppressive therapy, it remains
unclear what role the IVIG truly played in the
responses.70,71

Studies of IVIG therapy in PM and IBM, which
are thought to be cytotoxic T-cell-mediated dis-
eases rather than involving complement activa-
tion and immunoglobulin deposition in the case
of DM, have been inconclusive (Table 38.3). 
An attempt to use IVIG as first-line therapy in
PM and DM, as proposed by some investigators,
failed to show any benefit.72 Although open-
label studies in which PM patients received 
IVIG with other immunosuppressive therapy
suggest short- and long-term responses in some
patients,73 results from an ongoing controlled
trial have not been reported.74 And, despite
encouraging responses from an open-label study
in IBM patients,75 two subsequent double-blind,
placebo-controlled trials in IBM have failed to
demonstrate significant benefit from IVIG.76,77

The mechanism of action of IVIG in most 
diseases for which it is prescribed remains
unknown and it is likely that different mecha-
nisms may be at work in different diseases.
Possible effects of IVIG include Fc receptor
blockade, inactivation of complement effector
functions, inhibition of lymphocyte activation
and cytokine release, increased catabolism of
IgG, immunomodulation by anti-idiotype anti-
bodies, or diverse immunologic effects from the
non-IgG components present in IVIG.65,78 In both

DM and animal model (experimental autoim-
mune myositis) studies, however, it appears 
that IVIG may exert its positive effects via block-
ing complement activation and inhibiting the
deposition of the membranolytic attack complex 
of complement on myocytes and vascular
endothelium.79,80

The problems associated with IVIG are
numerous and include: high cost, as measured
by both the cost of preparations and extensive
time commitments of patients and health care
providers; intermittent product shortages; 
variable composition and effectiveness from
manufacturer to manufacturer and from lot to
lot; few data on frequencies, risk factors, and
rates of adverse events at the doses being used
for myositis; uncertain long-term risks; the need
for repeated administration; and, of greatest
importance, the lack of response or tachyphy-
laxis in most patients.81 Other difficulties with
IVIG are: anaphylaxis, especially as a result of
preformed IgE anti-IgA antibodies in IgA-
deficient persons; infusion-related back pain,
nausea, vomiting, abdominal pain, myalgias,
and fevers; possible interference with responses
to live vaccines (measles, mumps, rubella)
resulting in the recommendation that vaccina-
tions should be deferred for 6 months after IVIG
if possible; aseptic meningitis, in which a risk
factor in DM appears to be history of migraine
headaches; false positive lab tests for hepatitis B
and C and other assays relating to the presence
of infused immunoglobulin; occasional transmis-
sion of infectious agents, including hepatitis C
in the past; thromboembolic events in patients
with high serum viscosity; and rare hemolysis,
wheezing, pulmonary edema, congestive heart
failure, arthralgias, rashes, and renal and
immune complex disease in patients with high
titer rheumatoid factors.81

In summary, despite numerous studies of
IVIG in IIMs, there remains inadequate informa-
tion as regards the optimal dose or schedule to
use for treatment, and which groups of myositis
patients, under what circumstances, and for how
long, respond to IVIG. At present, given the
many limitations of the product and its ques-
tionable cost-effectiveness, it would seem rea-
sonable to reserve IVIG treatment for short-term
therapy in those patients, especially with DM
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and JDM, who have failed methotrexate and/or
azathioprine, are severely ill, or are so immuno-
compromised or infected that other agents
would not be advisable.

Anti-TNF agents

As outlined above, data from a number of stud-
ies suggest the central role of TNF-α in the
pathogenesis of myositis (Table 38.2). Therefore,
attempts to block TNF-α effects by use of etaner-
cept (a dimeric fusion protein consisting of the
extracellular ligand-binding portion of the 
soluble human 75 kDa TNF-α receptor linked to
the Fc portion of human IgG1) or infliximab 
(a chimeric IgG1k monoclonal antibody (mAb)
composed of human constant and murine vari-
able regions directed against TNF-α) have been
clinically assessed. Anti-TNF-α therapy in phase 1
studies or case series has been reported to result
in improvements in strength and the capacity to
taper other medications in some patients with
IIM (Table 38.3). An open-label trial of etaner-
cept in JDM has not resulted in improvements to
date.82 Other reports, however, claim substantial
clinical, laboratory, and pathologic improve-
ment from open-label experience with etaner-
cept and infliximab in PM or DM patients who
were particularly difficult to manage and had
failed multiple prior agents.83–86 Several phase 1/2
studies in children and adults are ongoing and

should give a more complete understanding of the
benefit/risk ratios when they are completed
(Table 38.4).

Other biologic therapies

Several other biologic therapies have been 
studied in small numbers of IIM patients. Based
on the hypothesized important role of comple-
ment in the pathogenesis of DM, a randomized,
double-blind, placebo-controlled pilot study 
of the effect of h5G1.1-mAb (a monoclonal 
antibody which binds C5, the fifth component of
complement, preventing cleavage into C5a 
and C5b) has undergone a multicenter phase 1/2
trial in DM patients. Another mAb, rituximab,
which is directed against the B-lymphocyte
marker CD20 and is approved for use in B-cell
lymphoma and RA, has resulted in clinical
improvements in six of seven DM patients in 
an open-label trial87 and is undergoing further
study in the largest multicenter study ever per-
formed in myositis. This phase 2 international
trial in PM, DM, and JDM will also utilize the new
proposed IMACS outcome criteria and clinical
trial design elements (Table 38.4).

Although treatment of malignancies and
infections with IFN-α has been associated with
the development of myositis in case reports,88–91

the positive response in multiple sclerosis to
IFN-β1a has prompted a phase 1, randomized,

Table 38.4 Ongoing clinical trials of biologic therapies in myositis

Agent Study design IIM subgroup Website

Etanercept Phase 1 double-blind, placebo-controlled, DM http://www.clinicaltrials.gov/ct/
single-center trial (n = 40) show/NCT00112385?order=12

Infliximab Phase 2, double-blind, placebo- PM, DM http://www.clinicaltrials.gov/ct/
controlled, single-center trial (n = 28) show/NCT00033891?order=8

Rituximab Phase 2, double-blind, placebo phase PM, DM, JDM http://www.clinicaltrials.gov/ct/
(anti-CD20) design, multicenter, international trial show/NCT00106184?order=5

(n = 76 PM, 76 DM, and 50 JDM)
Stem cell Phase 1 open-label, single-center study DM http://www.clinicaltrials.gov/ct/

therapy in multiple autoimmune diseases show/NCT00010335?order=11

Abbreviations: see footnotes to Tables 38.2 and 38.3.
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placebo-controlled trial of 30 IBM patients.92

This was a 24-week, multicenter, clinical trial of
30 µg of IFN-β1a administered intramuscularly
once a week. Twenty-nine of the 30 subjects
enrolled completed the study; however, two
subjects (one in the placebo group, one in the
IFN-β1a group) experienced severe adverse
events. No subjects required dosage reductions,
and the adverse event profile was similar for 
the placebo and IFN-β1a groups. Unfortunately,
there were no significant differences in the
changes in muscle strength and muscle mass
between the placebo and IFN-β1a groups at 
6 months. Nonetheless, this study demonstrated
little evidence of toxicity, resulting in a phase 2
trial that also showed little evidence of efficacy.

In an open-label, randomized study, six IBM
subjects, who received anti-T-cell globulin plus
methotrexate, had improved myometry com-
pared to the five with metrotrexate alone after 
12 months, suggesting a possible beneficial effect
of anti-T-cell therapy in IBM.93 Another agent,
alemtuzumab (Campath, directed against CD52)
is being explored as a possible therapy for IBM
in an open-label trial of 20 IBM patients.

The intriguing concept that one might be 
able to reset the ‘immunostat’ by depleting a
patient’s current immune system of activated
cells and replenishing them with autologous
stem cells, which would be expected to undergo
differentiation to different effector cells in a 
new environment, has resulted in a wide range
of investigations of stem cell therapy (SCT) 
in many pediatric and adult autoimmune 
diseases.94,95 Case reports of muscle and lung
improvement in two PM subjects with the anti-
synthetase syndrome (interstitial lung disease
with anti-Jo-1 autoantibodies) have supported
the basis for the several ongoing SCT investiga-
tions in adult and juvenile IIM.

SYNTHESIS

Dramatic strides in understanding the molecular
immunopathologic abnormalities in the myositis
syndromes have been achieved in the last
decade. The up-regulation of a number of cell
surface or soluble proteins – critical to the func-
tion of the immunological synapse, the activa-
tion, recruitment and trafficking of effector cells

into target tissues, the complement system, and
the breakdown of extracellular matrix compo-
nents via MMPs – have now been documented
and confirmed. While it remains unclear if these
abnormal expressions are primary or secondary
events, they have served as the basis for the ini-
tiation of a number of clinical observations and
trials of novel biologic agents that specifically
inhibit or block the action of these proteins.
Although we must temper the early optimism
that often accompanies positive case reports and
other uncontrolled experiences when a new
agent is introduced, it is likely that one or more
biologic therapies directed against targets sum-
marized in this review will find a role in the
armamentarium of physicians who treat myosi-
tis in the future. Novel biologic and cellular ther-
apies – coupled with the recent establishment of
international multidisciplinary consortia that
have developed consensus on outcome meas-
ures and clinical trial design issues in IIM to
increase the efficiency and reliability of trials –
will likely play an increasing role in understand-
ing the best management of myositis disease
activity and damage and will hopefully result in
safer and more effective treatments in the near
future.

ACKNOWLEDGMENTS

The author thanks Dr Lisa Rider for construc-
tive comments on the manuscript and useful 
discussions.

REFERENCES

1. Miller FW. Inflammatory myopathies: polymyositis,
dermatomyositis, and related conditions. In: 
Koopman W, Moreland L, eds. Arthritis and Allied
Conditions, A Textbook of Rheumatology. Philadelphia:
Lippincott, Williams and Wilkins, 2004: 1593–620.

2. Dalakas MC. Muscle biopsy findings in inflammatory
myopathies. Rheum Dis Clin North Am 2002; 28:
779–98, vi.

3. Engel AG, Hohlfeld R. The polymyositis and 
dermatomyositis syndromes. In: Engel AG, Franzini-
Armstrong C, eds. Myology. New York: McGraw-Hill,
2004: 1321–66.

4. Engel AG, Arahata K, Emslie-Smith A. Immune effector
mechanisms in inflammatory myopathies. Res Publ
Assoc Res Nerv Ment Dis 1990; 68: 141–57.

478 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch38  8/9/07  3:42 PM  Page 478



MYOSITIS 479

5. Dalakas MC, Hohlfeld R. Polymyositis and dermato-
myositis. Lancet 2003; 362: 971–82.

6. Emslie-Smith AM, Engel AG. Microvascular changes in
early and advanced dermatomyositis: a quantitative
study. Ann Neurol 1997; 27: 343–56.

7. Crowson AN, Magro CM. The role of microvascular
injury in the pathogenesis of cutaneous lesions of 
dermatomyositis. Hum Pathol 1996; 27: 15–19.

8. Askanas V, Engel WK. Sporadic inclusion-body myosi-
tis and hereditary inclusion-body myopathies: current
concepts of diagnosis and pathogenesis. Curr Opin
Rheumatol 1998; 10: 530–42.

9. Dalakas MC. Inflammatory, immune, and viral 
aspects of inclusion-body myositis. Neurology 2006; 66:
S33–S38.

10. Sarkar K, Miller FW. Autoantibodies as predictive 
and diagnostic markers of idiopathic inflammatory
myopathies. Autoimmunity 2004; 37: 291–4.

11. Miller FW. Humoral immunity and immunogenetics in
the idiopathic inflammatory myopathies. Curr Opin
Rheumatol 1991; 3: 902–10.

12. Miller FW, Waite KA, Biswas T, Plotz PH. The role of an
autoantigen, histidyl-tRNA synthetase, in the induction
and maintenance of autoimmunity. Proc Natl Acad Sci
U S A 1990; 87: 9933–7.

13. Miller FW, Twitty SA, Biswas T, Plotz PH. Origin and
regulation of a disease-specific autoantibody response.
Antigenic epitopes, spectrotype stability, and isotype
restriction of anti-Jo-1 autoantibodies. J Clin Invest
1990; 85: 468–75.

14. Romisch K, Miller FW, Dobberstein B, High S. Human
autoantibodies against the 54 kDa protein of the signal
recognition particle block function at multiple stages.
Arthritis Res Ther 2006; 8: R39.

15. Targoff IN. Immune manifestations of inflammatory
muscle disease. Rheum Dis Clin North Am 1994; 20:
857–80.

16. Love LA, Leff RL, Fraser DD et al. A new approach to
the classification of idiopathic inflammatory myopathy:
myositis-specific autoantibodies define useful homoge-
neous patient groups. Medicine (Baltimore) 1991; 70:
360–74.

17. Miller FW. Myositis-specific autoantibodies. Touchstones
for understanding the inflammatory myopathies.
JAMA 1993; 270: 1846–9.

18. O’Hanlon TP, Carrick DM, Targoff IN et al.
Immunogenetic risk and protective factors for the idio-
pathic inflammatory myopathies: distinct HLA-A, -B, 
-Cw, -DRB1, and -DQA1 allelic profiles distinguish
European American patients with different myositis
autoantibodies. Medicine (Baltimore) 2006; 85: 111–27.

19. Shamim EA, Miller FW. Familial autoimmunity and the
idiopathic inflammatory myopathies. Curr Rheumatol
Rep 2000; 2: 201–11.

20. Lundberg IE. The physiology of inflammatory
myopathies: an overview. Acta Physiol Scand 2001; 171:
207–13.

21. Miller FW. Polymyositis and dermatomyositis. In:
Goldman L, Ausiello D, eds. Cecil Textbook of
Medicine. Philadelphia: Saunders, 2004: 1680–4.

22. Nagaraju K. Update on immunopathogenesis in 
inflammatory myopathies. Curr Opin Rheumatol 2001;
13: 461–8.

23. Nagaraju K, Rider LG, Fan C et al. Endothelial cell 
activation and neovascularization are prominent in 
dermatomyositis. J Autoimmune Dis 2006; 3: 2.

24. Howard OM, Dong HF, Yang D et al. Histidyl-tRNA
synthetase and asparaginyl-tRNA synthetase, autoanti-
gens in myositis, activate chemokine receptors on 
T lymphocytes and immature dendritic cells. J Exp Med
2002; 196: 781–91.

25. Zhou X, Dimachkie MM, Xiong M, Tan FK, Arnett FC.
cDNA microarrays reveal distinct gene expression 
clusters in idiopathic inflammatory myopathies. Med
Sci Monit 2004; 10: BR191–BR197.

26. Whitaker JN, Engel WK. Vascular deposits of
immunoglobulin and complement in idiopathic inflam-
matory myopathy. N Engl J Med 1972; 286: 333–8.

27. Roig QM, Damjanov I. Dermatomyositis as an immuno-
logic complication of toxoplasmosis. Acta Neuropathol
(Berl) 1982; 58: 183–6.

28. Damjanov I, Moser RL, Katz SM, Lyons P. Immune
complex myositis associated with viral hepatitis. Hum
Pathol 1980; 11: 478–81.

29. Lambie PB, Quismorio FP Jr. Interstitial lung disease
and cryoglobulinemia in polymyositis. J Rheumatol
1991; 18: 468–9.

30. Shimada K, Koh CS, Tsukada N, Shoji S, Yanagisawa N.
[Detection of immune complexes in the sera and
around the muscle fibers in a case of myasthenia 
gravis and polymyositis.] Rinsho Shinkeigaku 1989; 
29: 432–5.

31. Solling J, Solling K, Jacobsen KU. Circulating 
immune complexes in lupus erythematosus, sclero-
derma and dermatomyositis. Acta Derm Venereol 1979;
59: 421–6.

32. Behan WM, Barkas T, Behan PO. Detection of immune
complexes in polymyositis. Acta Neurol Scand 1982; 65:
320–34.

33. Hargis AM, Winkelstein JA, Moore MP, Weidner JP,
Prieur DJ. Complement levels in dogs with familial
canine dermatomyositis. Vet Immunol Immunopathol
1988; 20: 95–100.

34. Hargis AM, Prieur DJ, Haupt KH, McDonald TL,
Moore MP. Prospective study of familial canine der-
matomyositis. Correlation of the severity of dermato-
myositis and circulating immune complex levels. Am J
Pathol 1986; 123: 465–79.

9781841844848-Ch38  8/9/07  3:42 PM  Page 479



480 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

35. Kissel JT, Mendell JR, Rammohan KW. Microvascular
deposition of complement membrane attack complex in
dermatomyositis. N Engl J Med 1986; 314: 329–34.

36. Love LA, Miller FW. Noninfectious environmental
agents associated with myopathies. Curr Opin
Rheumatol 1993; 5: 712–18.

37. Reed AM, Ytterberg SR. Genetic and environmental
risk factors for idiopathic inflammatory myopathies.
Rheum Dis Clin North Am 2002; 28: 891–916.

38. Niinikoski J, Paljarvi L, Laato M, Lang H, Panelius M.
Muscle hypoxia in myositis. J Neurol Neurosurg
Psychiatry 1986; 49: 1455.

39. Shreeniwas R, Koga S, Karakurum M et al. Hypoxia-
mediated induction of endothelial cell interleukin-1
alpha. An autocrine mechanism promoting expression
of leukocyte adhesion molecules on the vessel surface. 
J Clin Invest 1992; 90: 2333–9.

40. Chariot P, Ruet E, Authier FJ et al. Cytochrome c 
oxidase deficiencies in the muscle of patients with
inflammatory myopathies. Acta Neuropathol (Berl)
1996; 91: 530–6.

41. Heffner RR, Barron SA. The early effects of ischemia
upon skeletal muscle mitochondria. J Neurol Sci 1978;
38: 295–315.

42. Yang CC, Alvarez RB, Engel WK, Heller SL, Askanas V.
Nitric oxide-induced oxidative stress in autosomal
recessive and dominant inclusion-body myopathies.
Brain 1998; 121(Pt 6): 1089–97.

43. Askanas V, Engel WK. Sporadic inclusion-body myosi-
tis: a proposed key pathogenetic role of the abnormali-
ties of the ubiquitin-proteasome system, and protein
misfolding and aggregation. Acta Myol 2005; 24: 17–24.

44. Park JH, Vital TL, Ryder NM et al. Magnetic resonance
imaging and P-31 magnetic resonance spectroscopy
provide unique quantitative data useful in the longitu-
dinal management of patients with dermatomyositis.
Arthritis Rheum 1994; 37: 736–46.

45. Chung YL, Smith EC, Williams SC et al. In vivo proton
magnetic resonance spectroscopy in polymyositis and
dermatomyositis: a preliminary study. Eur J Med Res
1997; 2: 483–7.

46. Chowdhury SA, Ytterberg SR, Wortmann RL.
Abnormal energy metabolism in murine polymyositis.
Arthritis Rheum 1989; 32: S125 (abstract).

47. Li YP, Reid MB. Effect of tumor necrosis factor-alpha on
skeletal muscle metabolism. Curr Opin Rheumatol
2001; 13: 483–7.

48. Langen RC, Schols AM, Kelders MC, Wouters EF,
Janssen-Heininger YM. Inflammatory cytokines inhibit
myogenic differentiation through activation of nuclear
factor-kappaB. FASEB J 2001; 15: 1169–80.

49. Fang CH, Li BG, James JH, Fischer JE, Hasselgren PO.
Cytokines block the effects of insulin-like growth
factor-I (IGF-I) on glucose uptake and lactate production

in skeletal muscle but do not influence IGF-I-induced
changes in protein turnover. Shock 1997; 8: 362–7.

50. Ji SQ, Neustrom S, Willis GM, Spurlock ME.
Proinflammatory cytokines regulate myogenic cell 
proliferation and fusion but have no impact on
myotube protein metabolism or stress protein expres-
sion. J Interferon Cytokine Res 1998; 18: 879–88.

51. Nagaraju K, Casciola-Rosen L, Rosen A et al. The inhi-
bition of apoptosis in myositis and in normal muscle
cells. J Immunol 2000; 164: 5459–65.

52. Li M, Dalakas MC. Expression of human IAP-like 
protein in skeletal muscle: a possible explanation for the
rare incidence of muscle fiber apoptosis in T-cell medi-
ated inflammatory myopathies. J Neuroimmunol 2000;
106: 1–5.

53. Vattemi G, Tonin P, Filosto M et al. T-cell anti-
apoptotic mechanisms in inflammatory myopathies. 
J Neuroimmunol 2000; 111: 146–51.

54. Seeliger S, Vogl T, Engels IH et al. Expression of cal-
cium-binding proteins MRP8 and MRP14 in inflamma-
tory muscle diseases. Am J Pathol 2003; 163: 947–56.

55. Nagaraju K, Raben N, Loeffler L et al. From the cover:
conditional up-regulation of MHC class I in skeletal
muscle leads to self-sustaining autoimmune myositis
and myositis-specific autoantibodies [see comments].
Proc Natl Acad Sci U S A 2000; 97: 9209–14.

56. Nagaraju K, Casciola-Rosen L, Lundberg I et al.
Activation of the endoplasmic reticulum stress
response in autoimmune myositis: potential role in
muscle fiber damage and dysfunction. Arthritis Rheum
2005; 52: 1824–35.

57. Tezak Z, Hoffman EP, Lutz JL et al. Gene expression
profiling in DQA1*0501+ children with untreated 
dermatomyositis: a novel model of pathogenesis. 
J Immunol 2002; 168: 4154–63.

58. Greenberg SA, Sanoudou D, Haslett JN et al. Molecular
profiles of inflammatory myopathies. Neurology 2002;
59: 1170–82.

59. Tian L, Greenberg SA, Kong SW et al. Discovering sta-
tistically significant pathways in expression profiling
studies. Proc Natl Acad Sci U S A 2005; 102: 13544–9.

60. Greenberg SA, Pinkus JL, Pinkus GS et al. Interferon-
alpha/beta-mediated innate immune mechanisms in
dermatomyositis. Ann Neurol 2005; 57: 664–78.

61. Raju R, Dalakas MC. Gene expression profile in the
muscles of patients with inflammatory myopathies:
effect of therapy with IVIg and biological validation of
clinically relevant genes. Brain 2005; 128: 1887–96.

62. Rider LG, Giannini EH, Brunner HI et al. International
consensus on preliminary definitions of improvement
in adult and juvenile myositis. Arthritis Rheum 2004;
50: 2281–90.

63. Oddis CV, Rider LG, Reed AM et al. International con-
sensus guidelines for trials of therapies in the idiopathic

9781841844848-Ch38  8/9/07  3:42 PM  Page 480



MYOSITIS 481

inflammatory myopathies. Arthritis Rheum 2005; 52:
2607–15.

64. Baer AN. Advances in the therapy of idiopathic 
inflammatory myopathies. Curr Opin Rheumatol 2006;
18: 236–41.

65. Patel SY, Kumararatne DS. From black magic to science:
understanding the rationale for the use of intravenous
immunoglobulin to treat inflammatory myopathies.
Clin Exp Immunol 2001; 124: 169–71.

66. Mease PJ, Ochs HD, Wedgwood RJ. Successful treat-
ment of echovirus meningoencephalitis and myositis-
fasciitis with intravenous immune globulin therapy in a
patient with X-linked agammaglobulinemia. N Engl J
Med 1981; 304: 1278–81.

67. Dalakas MC, Illa I, Dambrosia JM et al. A controlled
trial of high-dose intravenous immune globulin infu-
sions as treatment for dermatomyositis. N Engl J Med
1993; 329: 1993–2000.

68. Rider LG, Miller FW. Idiopathic inflammatory muscle
disease: clinical aspects. Baillieres Best Pract Res Clin
Rheumatol 2000; 14: 37–54.

69. Rider LG, Miller FW. Classification and treatment of the
juvenile idiopathic inflammatory myopathies. Rheum
Dis Clin North Am 1997; 23: 619–55.

70. Tsai MJ, Lai CC, Lin SC et al. Intravenous
immunoglobulin therapy in juvenile dermatomyositis.
Zhonghua Min Guo Xiao Er Ke Yi Xue Hui Za Zhi 1997;
38: 111–15.

71. Al Mayouf SM, Laxer RM, Schneider R, Silverman ED,
Feldman BM. Intravenous immunoglobulin therapy 
for juvenile dermatomyositis: efficacy and safety. 
J Rheumatol 2000; 27: 2498–503.

72. Cherin P, Piette JC, Wechsler B et al. Intravenous
gamma globulin as first line therapy in polymyositis
and dermatomyositis: an open study in 11 adult
patients [see comments]. J Rheumatol 1994; 21: 1092–7.

73. Cherin P, Pelletier S, Teixeira A et al. Results and long-
term followup of intravenous immunoglobulin infu-
sions in chronic, refractory polymyositis: an open study
with thirty-five adult patients. Arthritis Rheum 2002;
46: 467–74.

74. Dalakas MC. Controlled studies with high-dose intra-
venous immunoglobulin in the treatment of dermato-
myositis, inclusion body myositis, and polymyositis.
Neurology 1998; 51: S37–S45.

75. Soueidan SA, Dalakas MC. Treatment of inclusion-body
myositis with high-dose intravenous immunoglobulin.
Neurology 1993; 43: 876–9.

76. Dalakas MC, Sonies B, Dambrosia J et al. Treatment of
inclusion-body myositis with IVIg: a double-blind,
placebo-controlled study [see comments]. Neurology
1997; 48: 712–16.

77. Dalakas MC, Koffman B, Fujii M et al. A controlled
study of intravenous immunoglobulin combined with

prednisone in the treatment of IBM. Neurology 2001;
56: 323–7.

78. Miller FW. Polymyositis, dermatomyositis and related
conditions. In: Koopman W, ed. Arthritis and allied
conditions. Baltimore: Williams and Wilkins, 1996.

79. Basta M, Dalakas MC. High-dose intravenous
immunoglobulin exerts its beneficial effect in patients
with dermatomyositis by blocking endomysial deposi-
tion of activated complement fragments. J Clin Invest
1994; 94: 1729–35.

80. Wada J, Shintani N, Kikutani K et al. Intravenous
immunoglobulin prevents experimental autoimmune
myositis in SJL mice by reducing anti-myosin antibody
and by blocking complement deposition. Clin Exp
Immunol 2001; 124: 282–9.

81. Miller FW. Intravenous immunoglobulin in polymyosi-
tis/dermatomyositis. In: Strand V, ed. Proceedings:
Early Decisions in DMARD Development IV. Biologic
Agents in Autoimmune Disease. Atlanta: Arthritis
Foundation, 1996: 205–12.

82. Miller ML, Mendez E, Klein-Gitelman M, Pachman LM.
Experience with Etanercept in chronic juvenile der-
matomyositis: preliminary results. Arthritis Rheum
2000; (Suppl): Vol 43(9): S380 (abstract).

83. Saadeh CK. Etanercept is effective in the treatment of
polymyositis/dermatomyositis which is refractory to
conventional therapy. Arthritis Rheumatism 2001; 43 9
(Suppl): S193 (abstract).

84. Hengstman GJ, van den Hoogen FH, van Engelen BG,
Barrera P, Netea M, van de Putte LB. Anti-TNF-
blockade with infliximab (Remicade) in polymyositis
and dermatomyositis. Arthritis Rheum 2000; 43 9 (Suppl):
S193 (abstract).

85. Hengstman GJ, van den Hoogen FH, Barrera P et al.
Successful treatment of dermatomyositis and polymyosi-
tis with anti-tumor-necrosis-factor-alpha: preliminary
observations. Eur Neurol 2003; 50: 10–15.

86. Nzeusseau A, Durez P, Houssiau FA, Devogelaer JP.
Successful use of infliximab in a case of refractory juve-
nile dermatomyositis. Arthritis Rheum 2001; 39 (Suppl):
(abstract).

87. Levine TD. Rituximab in the treatment of dermato-
myositis: an open-label pilot study. Arthritis Rheum
2005; 52: 601–7.

88. Matsuya M, Abe T, Tosaka M et al. The first case of
polymyositis associated with interferon therapy. Intern
Med 1994; 33: 806–8.

89. Cirigliano G, Della RA, Tavoni A, Viacava P, 
Bombardieri S. Polymyositis occurring during alpha-inter-
feron treatment for malignant melanoma: a case report
and review of the literature. Rheumatol Int 1999; 19: 65–7.

90. Hengstman GJ, Vogels OJ, ter Laak HJ, de Witte T, van
Engelen BG. Myositis during long-term interferon-alpha
treatment. Neurology 2000; 54: 2186.

9781841844848-Ch38  8/9/07  3:42 PM  Page 481



482 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

91. Dietrich LL, Bridges AJ, Albertini MR.
Dermatomyositis after interferon alpha treatment.
Med Oncol 2000; 17: 64–9.

92. Muscle Study Group. Randomized pilot trial of
betaINF1a (Avonex) in patients with inclusion body
myositis. Neurology 2001; 57: 1566–70.

93. Lindberg C, Trysberg E, Tarkowski A, Oldfors A.
Anti-T-lymphocyte globulin treatment in inclusion
body myositis: a randomized pilot study. Neurology
2003; 61: 260–2.

94. Barron KS, Wallace C, Woolfrey CEA et al.
Autologous stem cell transplantation for pediatric
rheumatic diseases. J Rheumatol 2001; 28: 2337–58.

95. Furst DE. The status of stem cell transplantation 
for rheumatoid arthritis: a rheumatologist’s view. 
J Rheumatol 2001; 28 (Suppl 64): 60–1.

96. Nyberg P, Wikman AL, Nennesmo I, Lundberg I.
Increased expression of interleukin 1alpha and MHC
class I in muscle tissue of patients with chronic, inactive
polymyositis and dermatomyositis. J Rheumatol 2000;
27: 940–8.

97. Zhou X, Filemon KT, Xion M, Dimachkie MM, 
Arnett FC Jr. Gene expression profile of muscle biop-
sies from patients with inflammatory myopathies.
Arthritis Rheum 2000; (Suppl): 1254 (abstract).

98. Wiendl H, Behrens L, Maier S et al. Muscle fibers in
inflammatory myopathies and cultured myoblasts
express the nonclassical major histocompatibility 
antigen HLA-G. Ann Neurol 2000; 48: 679–84.

99. Inukai A, Kuru S, Liang Y et al. Expression of HLA-DR
and its enhancing molecules in muscle fibers in
polymyositis. Muscle Nerve 2000; 23: 385–92.

100. Miller FW, Love LA, Barbieri SA, Balow JE, Plotz PH.
Lymphocyte activation markers in idiopathic myosi-
tis: changes with disease activity and differences
among clinical and autoantibody subgroups. Clin Exp
Immunol 1990; 81: 373–9.

101. O’Hanlon T, Miller FW. T cell-mediated immune
mechanisms in myositis. Curr Opin Rheumatol 1995;
503–9.

102. Fyhr IM, Moslemi AR, Tarkowski A, Lindberg C,
Oldfors A. Limited T-cell receptor V gene usage in inclu-
sion body myositis. Scand J Immunol 1996; 43: 109–14.

103. Lindberg C, Oldfors A, Tarkowski A. Restricted use of
T cell receptor V genes in endomysial infiltrates of
patients with inflammatory myopathies. Eur J
Immunol 1994; 24: 2659–63.

104. Amemiya K, Granger RP, Dalakas MC. Clonal restric-
tion of T-cell receptor expression by infiltrating lym-
phocytes in inclusion body myositis persists over time:
Studies in repeated muscle biopsies. Brain 2000; 123:
2030–9.

105. De Bleecker JL, Engel AG. Expression of cell adhesion
molecules in inflammatory myopathies and Duchenne
dystrophy. J Neuropathol Exp Neurol 1994; 53: 369–76.

106. Tews DS, Goebel HH. Expression of cell adhesion mol-
ecules in inflammatory myopathies. J Neuroimmunol
1995; 59: 185–94.

107. Lundberg IE. The role of cytokines, chemokines, and
adhesion molecules in the pathogenesis of idiopathic
inflammatory myopathies. Curr Rheumatol Rep 2000;
2: 216–24.

108. Iannone F, Cauli A, Yanni G et al. T-lymphocyte
immunophenotyping in polymyositis and dermato-
myositis. Br J Rheumatol 1996; 35: 839–45.

109. Sallum AM, Kiss MH, Silva CA et al. Difference in
adhesion molecule expression (ICAM-1 and VCAM-1)
in juvenile and adult dermatomyositis, polymyositis
and inclusion body myositis. Autoimmun Rev 2006; 5:
93–100.

110. Lundberg I, Ulfgren AK, Nyberg P, Andersson U,
Klareskog L. Cytokine production in muscle tissue of
patients with idiopathic inflammatory myopathies.
Arthritis Rheum 1997; 40: 865–74.

111. Wiendl H, Mitsdoerffer M, Schneider D et al. Muscle
fibres and cultured muscle cells express the B7. 
1/2-related inducible co-stimulatory molecule, ICOSL:
implications for the pathogenesis of inflammatory
myopathies. Brain 2003; 126: 1026–35.

112. Lundberg IE, Nyberg P. New developments in the 
role of cytokines and chemokines in inflammatory
myopathies. Curr Opin Rheumatol 1998; 10: 521–9.

113. Rider L, Ahmed A, Beausang L et al. Elevations of 
interleukin-1 receptor antagonist (IL-1RA), sTNFR,
sIL2R, and IL-10 in juvenile idiopathic inflammatory
myopathies suggest a role for monocyte/macrophage
and B lymphocyte activation. Arthritis Rheum 1998; 41
(Suppl): S265.

114. Son K, Tomita Y, Shimizu T et al. Abnormal IL-1 
receptor antagonist production in patients with
polymyositis and dermatomyositis. Intern Med 2000;
39: 128–35.

115. Rider LG, Artlett CM, Foster CB et al. Polymorphisms
in the IL-1 receptor antagonist gene VNTR are possible
risk factors for juvenile idiopathic inflammatory
myopathies. Clin Exp Immunol 2000; 121: 47–52.

116. De Rossi M, Bernasconi P, Baggi F, de Waal MR,
Mantegazza R. Cytokines and chemokines are both
expressed by human myoblasts: possible relevance for
the immune pathogenesis of muscle inflammation. Int
Immunol 2000; 12: 1329–35.

117. Kuru S, Inukai A, Liang Y et al. Tumor necrosis 
factor-alpha expression in muscles of polymyositis
and dermatomyositis. Acta Neuropathol (Berl) 2000;
99: 585–8.

118. Fedczyna TO, Lutz J, Pachman LM. Expression of TNF
alpha by muscle fibers in biopsies from children with
untreated juvenile dermatomyositis: association with
the TNFalpha-308A allele. Clin Immunol 2001; 100:
236–9.

9781841844848-Ch38  8/9/07  3:42 PM  Page 482



MYOSITIS 483

119. De Bleecker JL, Meire VI, Declercq W, Van Aken EH.
Immunolocalization of tumor necrosis factor-alpha
and its receptors in inflammatory myopathies.
Neuromuscul Disord 1999; 9: 239–46.

120. Shimizu T, Tomita Y, Son K et al. Elevation of 
serum soluble tumour necrosis factor receptors in
patients with polymyositis and dermatomyositis. Clin
Rheumatol 2000; 19: 352–9.

121. Adams EM, Kirkley J, Eidelman G, Dohlman J, 
Plotz PH. The predominance of beta (CC) chemokine
transcripts in idiopathic inflammatory muscle dis-
eases. Proc Assoc Am Physicians 1997; 109: 275–85.

122. Bartoli C, Civatte M, Pellissier JF, Figarella-Branger D.
CCR2A and CCR2B, the two isoforms of the monocyte
chemoattractant protein-1 receptor are up-regulated
and expressed by different cell subsets in idiopathic
inflammatory myopathies. Acta Neuropathol (Berl)
2001; 102: 385–92.

123. Murata K, Dalakas MC. Expression of the costimula-
tory molecule BB-1, the ligands CTLA-4 and CD28,
and their mRNA in inflammatory myopathies. Am J
Pathol 1999; 155: 453–60.

124. Sugiura T, Kawaguchi Y, Harigai M et al. Increased
CD40 expression on muscle cells of polymyositis 
and dermatomyositis: role of CD40-CD40 ligand
interaction in IL-6, IL-8, IL-15, and monocyte
chemoattractant protein-1 production. J Immunol
2000; 164: 6593–600.

125. Nagaraju K, Raben N, Villalba ML et al. Costimulatory
markers in muscle of patients with idiopathic inflam-
matory myopathies and in cultured muscle cells. Clin
Immunol 1999; 92: 161–9.

126. Cid MC, Grau JM, Casademont J et al. Leucocyte/
endothelial cell adhesion receptors in muscle biopsies
from patients with idiopathic inflammatory myo-
pathies (IIM). Clin Exp Immunol 1996; 104: 467–73.

127. Choi YC, Dalakas MC. Expression of matrix metallo-
proteinases in the muscle of patients with inflamma-
tory myopathies. Neurology 2000; 54: 65–71.

128. Whitaker JN, Engel WK. Vascular deposits of
immunoglobulin and complement in inflammatory
myopathy. Trans Am Neurol Assoc 1971; 96: 24–8.

129. Cherin P, Herson S, Wechsler B et al. Efficacy of 
intravenous gammaglobulin therapy in chronic 
refractory polymyositis and dermatomyositis: an 
open study with 20 adult patients. Am J Med 1991; 91:
162–8.

130. Dalakas MC, Illa I, Dambrosia JM et al. A controlled
trial of high-dose intravenous immune globulin infu-
sions as treatment for dermatomyositis. N Engl J Med
1993; 329: 1993–2000.

131. Gottfried I, Seeber A, Anegg B et al. High dose intra-
venous immunoglobulin (IVIG) in dermatomyositis:
clinical responses and effect on sIL-2R levels. Eur J
Dermatol 2000; 10: 29–35.

132. Lang BA, Laxer RM, Murphy G, Silverman ED,
Roifman CM. Treatment of dermatomyositis with
intravenous gammaglobulin. Am J Med 1991; 91:
169–72.

133. Sansome A, Dubowitz V. Intravenous immunoglobu-
lin in juvenile dermatomyositis—four year review of
nine cases. Arch Dis Child 1995; 72: 25–8.

134. Soueidan SA, Dalakas MC. Treatment of inclusion-body
myositis with high-dose intravenous immunoglobulin.
Neurology 1993; 43: 876–9.

135. Saadeh CK. Etanercept is effective in the treatment of
polymyositis/dermatomyositis which is refractory to
conventional therapy including steroids and other 
disease modifying agents. Arthritis Rheum 2000;
(Suppl): 757 (abstract).

136. Barohn RJ, Herbelin L, Kissel JT et al. Pilot trial of etan-
ercept in the treatment of inclusion-body myositis.
Neurology 2006; 66: S123–S124.

137. Muscle Study Group. Randomized pilot trial of high-
dose betaINF-1a in patients with inclusion body
myositis. Neurology 2004; 63: 718–20.

138. Bingham S, Griffiths B, McGonagle D et al.
Autologous stem cell transplantation for rapidly pro-
gressive Jo-1-positive polymyositis with long-term
follow-up. Br J Haematol 2001; 113: 840–41.

139. Baron F, Ribbens C, Kaye O et al. Effective treatment
of Jo-1-associated polymyositis with T-cell-depleted
autologous peripheral blood stem cell transplantation.
Br J Haematol 2000; 110: 339–42.

9781841844848-Ch38  8/9/07  3:42 PM  Page 483



9781841844848-Ch38  8/9/07  3:42 PM  Page 484



39

TNF blockade in orphan rheumatic diseases
Michael Voulgarelis and Haralampos M Moutsopoulos

Introduction • Primary Sjögren’s syndrome • Adult Still’s disease • Sarcoidosis • Polymyositis/
dermatomyositis • Vasculitis • Behcet’s disease • Conclusion • References

INTRODUCTION

Tumor necrosis factor (TNF)-α is a pleiotropic
proinflammatory cytokine that has been impli-
cated in the pathogenesis of a variety of autoim-
mune disorders. Its presence instigates the
production and secretion of a cascade of several
inflammatory mediators resulting in altered
tissue remodeling, epithelial barrier permeabil-
ity, macrophage activation, up-regulation of
adhesion molecules, and recruitment of inflam-
matory infiltrates, all of which play a significant
role in the pathogenesis of inflammation and
immune response.1,2 In this context, the applica-
tion of specific TNF-α blockers has paved the way
for innovative therapeutic options in the treat-
ment of autoimmune diseases.

Three predominant biological agents capable
of inhibiting TNF-α currently prevail: inflix-
imab, etanercept, and adalimumab. Infliximab is
a recombinant chimeric IgG1 anti-TNF-α specific
antibody (whether the TNF-α be membrane-
bound or secreted in the extracellular area)
which, as anticipated, impedes TNF-α binding
to its membranous and soluble receptors, i.e.
TNF-R1/p55 or TNF-R2/p75. Further advance-
ment in biotechnology saw the advent of adali-
mumab, a fully human monoclonal antibody
(mAb) with TNF-α-blocking properties. Finally,
etanercept as a fusion protein combines the
ligand-binding portion of human TNF-R2 with
sequences of the human Fc portion of IgG1.
Whereas TNF-R1 is a constitutive membrane

receptor, TNF-R2 is stimuli-induced and can be
found on virtually every cell surface. Bearing
greater affinity to its ligand (TNF-α), TNF-R2 is
more effective than TNF-R1 in compromising
the cytokine.

The successful application of TNF-α blockade
in several disorders including rheumatoid
arthritis (RA), psoriatic arthritis, ankylosing
spondylitis, and Crohn’s disease has been well
documented.3–6 However, there are indications
that the use of TNF-α blockade could potentially
be extended to treat other rheumatic diseases.
Preliminary evidence from open-label trials 
and case reports, for instance, suggest that 
these TNF-α inhibitors may be effective in the
treatment of Behcet’s disease, Wegener’s granu-
lomatosis, and sarcoidosis. The purpose of this
chapter is to review and discuss recent data con-
cerning the scope of TNF-α inbitors in a number
of other orphan rheumatic disorders including
primary Sjögren’s syndrome, adult Still’s disease,
polymyositis, vasculitis, sarcoidosis, and Behcet’s
disease.

PRIMARY SJÖGREN’S SYNDROME

Sjögren’s syndrome (SS) is an autoimmune dis-
ease characterized by broad organ-specific and
systemic manifestations, the most common
being diminished lacrimal and salivary gland
function, xerostomia, keratoconjunctivitis sicca,
and parotid gland enlargement. The etiology of
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SS has not yet been clarified. While lymphoid
infiltrates are a characteristic histopathological
finding in SS, there is evidence suggesting that
proinflammatory cytokines such as TNF-α may
also play an important role in the pathogenesis
of the disease. TNF-α can be secreted not only by
mononuclear cells infiltrating the glands, but
also by ductal epithelial cells.7,8 In addition, infil-
trating mononuclear inflammatory cells, vascu-
lar endothelial cells, ductal epithelial cells, and
fibroblasts all co-express TNF-α and TNF-R.9

This inter-related localization of TNF-R and its
ligand TNF-α in inflammatory and epithelial
cells may suggest a proinflammatory role of
TNF-α in SS. The increased presence of TNF-α in
the lacrimal glands of MRL/lpr mice compared
with control glands further indicates that TNF-α
is a potential mediator of lacrimal gland damage
in these murine models of SS.10 Finally, in NOD
mice, TNF-α inhibition has been shown to be
effective in suppressing tissue destruction in
lacrimal glands and preventing sicca symptoms.11

On the basis of recent evidence concerning the
efficacy of TNF-α blockers in RA, a pilot open-
label study was conducted involving 16 patients
with active primary SS treated with 3 mg/kg of
infliximab at weeks 0, 2, and 6.12 The treatment
yielded impressive results over a 3-month
follow-up period in the reduction of fatigue,
joint pain, symptoms of sicca, salivary flow rate,
and Shirmer I test. In addition, infusion was
well-tolerated and no serious adverse effects
were reported. Interestingly, no lupus-like syn-
drome was observed and no anti-double-
stranded DNA antibodies were detected in any
SS patients included in the study. The successful
results of this study prompted the same authors
to extend the protocol by administering addi-
tional infusions of infliximab (3–5 mg/kg) every
12 weeks for 1 year.13 This follow-up study
included 10 of the 16 SS patients who had origi-
nally participated in the previous pilot study.
All 10 patients reported a recurrence of SS symp-
toms at a median of 9 weeks after receiving the
third of the 3 initial infusions. A statistically sig-
nificant decrease in systemic and local disease
manifestations was noted after 1 year of treat-
ment in all 10 patients. Albeit these data suggest
that sustained improvement of active SS may be

achieved with infliximab treatment, it would be
imprudent to draw any conclusion based on
such a small subgroup of patients.

A multicenter, randomized, double-blind,
placebo-controlled trial randomly assigned 
103 patients with primary SS to receive inflix-
imab 5 mg/kg or placebo in weeks 0, 2, and 6.14

The patients were then followed up for 22 weeks.
All patients had active disease as assessed by
values > 50 mm on two of three visual analog
scales (VAS: 0–100 mm) that evaluated joint
pain, fatigue, and buccal, ocular, skin, vaginal 
or bronchial dryness. Secondary endpoints
included values on each VAS separately, the
number of tender and swollen joints, the basal
salivary flow rate, results of the Shirmer I test for
lacrimal gland function, the focus score on labial
salivary gland biopsy, the level of C-reactive
protein (CRP), and the erythrocyte sedimenta-
tion rate (ESR) evaluated at weeks 0, 10, and 22.
At week 10, 26.5% of patients receiving placebo
and 27.8% of patients treated with infliximab
showed an overall favorable response (p = 0.89),
while 20.4% of the placebo group and 16.7% of
the infliximab group still showed a similar
response (p = 0.62) at week 22. Consequently,
this study failed to prove the efficacy of inflix-
imab in primary SS. Although discrepancies
between these two studies12,14 may be explained
by their different designs or different inclusion
criteria, results of another recent open study of
etanercept in 15 patients with primary SS15 again
did not report any improvement of lacrimal 
and salivary function or salivary histological 
features.

Although the lack of change in sicca symp-
toms and signs following use of TNF inhibitors
could be explained by the pre-existence of signif-
icant glandular tissue destruction, TNF
inhibitors were also found to be ineffective in the
subgroup of recently diagnosed patients.14 The
lack of improvement in fatigue, number of
tender and swollen joints, ESR, and CRP levels is
more surprising, considering that the mecha-
nisms of arthritis may differ in primary SS from
RA. The role of TNF-α in the pathogenesis of SS
is therefore seriously in question, emphasizing
the need for future therapies to focus on other
molecular targets.
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ADULT STILL’S DISEASE

Still’s disease is a systemic rheumatic childhood
disease which may persist into adulthood or
may develop de novo in the adult population.
Adult Still’s disease (ASD) is traditionally
treated with non-steroidal anti-inflammatory
drugs and corticosteroids. Those who do not
respond or who display serious steroid side
effects may alternatively be treated with disease-
modifying anti-rheumatic drugs (DMARDs, e.g.
gold salts, hydroxychloroquine, methotrexate, 
D-penicillamine, sulfasalazine), but failures of
the latter approach are common.

TNF is elevated in both the serum and the
synovial fluid of children with juvenile rheuma-
toid arthritis (JRA).16 Serum levels of soluble
TNF-R are also elevated in these patients and are
correlated with disease activity.17 Further evi-
dence that TNF may amplify local inflammation
and lead to joint destruction was provided in a
study in which both TNF-α and lymphotoxin
were detected in the majority of synovial tissues
obtained from patients with JRA.18

To the best of our knowledge, only one 
randomized, multicenter, double-blind trial of
etanercept has been reported for the treatment of
polyarticular JRA in children who did not tolerate
or who had an inadequate response to methotrex-
ate.19 In the first part of this study (open-label), 
69 children with active JRA received etanercept
(0.4 mg/kg twice weekly) for 3 months. The
second part of the study comprised a placebo-
controlled study in which 51 of the 69 children
with clinical response were randomized to con-
tinue etanercept or receive placebo for an addi-
tional 4 months. Only 28% of those who continued
to receive etanercept experienced disease flare, as
compared with 88% of the children who were
receiving placebo (p = 0.003). The results of this
study suggest that TNF, lymphotoxin, or both,
have a role in JRA and that inhibition of these
substances is a valid therapeutic intervention.

On the other hand, limited experience with
TNF blockade in ASD has been recorded. Apart
from reports of a few isolated cases, the results
of only three observation studies have been 
published.20–22 Etanercept at 25 mg two or three
times per week was used in ASD patients in an

uncontrolled trial.20 Twelve adult patients who
met criteria for ASD and had active arthritis
were enrolled in a 6-month open-label trial of
etanercept. All these patients had previously been
treated unsuccessfully with other DMARDs.
Seven patients achieved an ACR 20% response,
one of three patients with systemic features of
ASD (fever and rash) showed improvement, 
and two patients withdrew because of disease
flare. In the second study,21 six patients with
active and severe disease despite conventional
immunosuppressive therapy received inflix-
imab at 3–5 mg/kg (at weeks 0, 2, and 6, contin-
uing with intervals of 6–8 weeks depending 
on the patient’s disease activity), resulting 
in improvements in fever, joint manifestations,
myalgias, splenomegaly, rash, and serologic
abnormalities. Finally, a French trial22 involving
20 ASD patients (previously unresponsive to the
conventional DMARDs) treated 10 patients with
infliximab, 5 with etanercept, and 5 with both
drugs consecutively. A partial response was
observed in 16 cases: 7 receiving etanercept and
9 infliximab. At a mean follow-up of 13 months,
complete remission had occurred in only five
cases: one receiving etanercept and four inflix-
imab. No deaths or serious adverse events were
reported during the course of these three studies.

This initial investigation indicates that 
TNF-α blockade treatment may be beneficial to
some ASD patients who are unresponsive to
conventional treatment. However, most patients
achieve only partial remission, indicating that
this therapy does not seem to be as effective in
ASD as in RA or spondylarthropathies. To con-
clude, the risk-benefit ratio of TNF-α blockade in
refractory ASD patients cannot be accurately
evaluated without further studies taking place.

SARCOIDOSIS

Sarcoidosis is a systemic disorder characterized
by the presence of non-caseating granulomas.
The natural process of pulmonary sarcoidosis
ranges from spontaneous remission to chronic
disease, resulting in the insidious loss of lung
function. Corticosteroids are the mainstay of
treatment, although their use frequently incurs
serious side effects.
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Sarcoidosis has been described as an inflam-
matory response disorder accompanied by
increased proinflammatory cytokine production
with alveolar macrophage-derived TNF-α being
involved in the induction and maintenance of
granulomas.23 It has been shown that in
response to TNF-α, intracellular adhesion mole-
cule-1 (ICAM-1) surface expression on alveolar
macrophages is increased in pulmonary sarcoido-
sis, supporting the role of TNF-α in mediating
aggregation of macrophages and inflammatory
granuloma formation.24 High levels of TNF-α
released from alveolar macrophages seem to
correlate with disease progression.25 It has also
been shown that levels of soluble TNF-R, which
are known to inhibit TNF-α activity, are initially
increased in the lungs of patients with sarcoido-
sis at stage I of the disease, decreasing as the dis-
ease progresses to stage II/III.26 Consequently,
TNF-α bioactivity is reduced in the lungs of sub-
jects with stage I sarcoidosis compared with
patients with stage II/III disease and healthy
controls, indicating potential for TNF-α block-
ade in the therapy of sarcoidosis. It should also
be mentioned that previous usage of thalido-
mide and pentoxifylline as TNF-α inhibitors 
has been shown to equally benefit patients with
sarcoidosis.27,28

In this context, a prospective open-label study29

of etanercept was undertaken in 17 patients 
with stage II/III progressive pulmonary sarcoido-
sis. Patients displaying extrapulmonary organ
involvement or treated with other immunosup-
pressive agents were excluded from the study.
The dose of etanercept tested was equal to the
standard dose (25 mg twice weekly) used to
achieve remission in patients with RA. The
study was terminated at 15 months due to an
excessive number of patients experiencing dis-
ease progression while taking etanercept. More
specifically, 5 patients displayed no improve-
ment, deterioration was recorded in 11, and 
1 patient withdrew from the study. Moreover,
TNF-α activity in serum and bronchioalveolar
lavage failed to provide response predictor
markers. Finally, serious adverse events included
one localized intestinal lymphoma and one
nasopharyngeal extramedullary plasmacytoma.

Infliximab has been evaluated in several case
series with multi-organ sarcoidosis refractory to

conventional therapy.30–35 Patients were treated
with 5 mg/kg and followed up every 6 weeks
for 25 months of continuous therapy. Infliximab
induced rapid resolution of the disease, with
relapse occurring on discontinuation. When the
case series reporting the use of infliximab in
refractory sarcoidosis were reviewed to evaluate
its potential role as a treatment option, the fol-
lowing conclusion was reached: although there
is insufficient evidence to support infliximab as
an appropriate alternative to conventional treat-
ment options as first-line therapy for sarcoidosis,
the preliminary outlook on its use in treatment-
refractory cases is promising. Infliximab has
been shown to improve the clinical picture and
reduce the need for corticosteroids in a small
number of refractory patients. Furthermore, the
data suggest that sarcoidosis is responsive to
infliximab but not to etanercept. The results are
consistent with the different effect of these two
TNF-α antagonists, principally that only inflix-
imab binds and lyses TNF-α-producing cells.

POLYMYOSITIS/DERMATOMYOSITIS

Polymyositis (PM) and dermatomyositis (DM)
are inflammatory muscle diseases characterized
by systemic proximal muscle weakness, cuta-
neous lesions (in DM), and systemic manifesta-
tions in other organs. Although little is known
about the etiology of these diseases, evidence
suggests that both cellular and humoral autoim-
mune mechanisms are involved in their patho-
genesis and progression. Levels of circulating
soluble p55 and p75 TNFR are increased36 and
TNF-α and other proinflammatory cytokines 
are expressed in inflammatory lesions in PM 
and DM,37 as well as in areas of muscle fiber
regeneration.38 In addition, TNF-α-positive cells
infiltrate the endomysium in PM and the peri-
mysium in DM.39 Despite the potentially pivotal
role of TNF-α in PM and DM, corroborating 
clinical evidence remains insubstantial.

Four female patients, aged 9–35 years, with
PM or DM refractory to corticosteroids and var-
ious disease-modifying therapies were treated
with etanercept.40 All patients displayed a rapid
response to etanercept, three showing complete
response and one a partial response, allowing
three patients to discontinue all treatment. 
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In another study,41 two patients with previously
untreated DM/PM were treated with infliximab
10 mg/kg every other week for 6 weeks. The
response in both patients was remarkable from
the first infusion but PM was not fully controlled
by the end of the study at 12 weeks. The authors
of both studies claimed that anti-TNF treatment
had caused no side effects. One other patient
with PM refractory to several lines of treatment
(intravenous immunoglobulin, high dose of
steroids, methotrexate, azathioprine), responded
dramatically to five courses of infliximab 
(10 mg/kg) infused over 2 weeks, with normal-
ization of creatine phosphokinase (CPK) and
impressive improvement in muscle strength.42

At the same time electromyographic (EMG)
studies and pulmonary changes consistently
improved, allowing immunosuppressive agents
to be considerably reduced or stopped.

In a retrospective study43 during the period
1998–2004, eight DM/PM patients who were
refractory to corticosteroids and immunosup-
pressive therapy were treated with anti-TNF
inhibitors. Six patients were treated with etan-
ercept alone, one with infliximab, and one
sequentially with both agents. A favorable
response with improved motor strength and
decreased fatigue was observed in six patients
as well as a significant decrease in the level of
serum CPK.

These results provide evidence that TNF-α
blockade may incite rapid and dramatic control
of DM/PM symptoms, even in the most refrac-
tory cases. However, controlled studies are
required to determine the appropriate dose and
magnitude of response to anti-TNF-α agents in
the setting of refractory DM and PM.

VASCULITIS

Anti-neutrophil cytoplasmic antibodies-
associated systemic vasculitis (AASV)

AASV includes a group of systemic vasculitides,
predominantly characterized by inflammation
of microscopic vessels. The pathogenetic mecha-
nisms of systemic vasculitides, particularly
those associated with anti-neutrophil cytoplas-
mic antibodies (ANCAs), may be susceptible to
anti-TNF-α inhibitors, in light of the implication

of TNF-α in the cytokine cascade responsible for
vascular damage and granuloma formation.
Evidence suggests that TNF-α plays a central
role in the pathogenesis of AASV in which
ANCAs are capable of activating neutrophils
primed by TNF-α in vitro, possibly emulating
the induction of the vascular inflammation
observed in vivo.44,45 In more detail, the TNF-α-
induced enhancement of the neutrophil activa-
tion may lead to their secretion of proteins with
subsequent binding of these antigens to the
endothelial cell surface. Eventually, ANCAs can
bind to these antigens, giving rise to enhanced
neutrophil adhesion, neutrophil activation, and
endothelial cell damage. Interestingly, there are
both increased expression of TNF-α at sites of
vascular injury46 and increased serum levels of
TNF-α and TNF-R during disease activity.47

Furthermore, the potential role of TNF-α as a
therapeutic target in AASV has been investi-
gated in a rat model of AASV using the anti-rat
TNF-α monoclonal antibody (CNTO 1081).48

Treatment with CNTO 1081 significantly reduced
albuminuria, crescent formation, and lung hem-
orrhage, suggesting that TNF-α plays an impor-
tant role in the pathogenesis of experimental
autoimmune vasculitis.

The first report49 of etanercept therapy in
Wegener’s granulomatosis (WG) was a 6-month
open-label trial of 20 patients with persistently
active disease or with new flares of previously
established WG in whom etanercept (25 mg 
subcutaneously twice weekly) was added to stan-
dard therapies (glucocorticoids, methotrexate,
cyclophosphamide, azathioprine, cyclosporine).
Etanercept was the initial therapy in 14 patients.
The mean Birmingham Vasculitis Activity Score
for WG (BVAS/WG) improved from 3.6 at entry
to 0.6 at 6 months. Among the 14 patients in
whom etanercept was the initial treatment, the
mean daily prednisone dose decreased from 12.9
at entry to 6.4 mg at 6 months. However, in 
15 patients the BVAS at consecutive visits was
increased from baseline with severe flares occur-
ring in 3 patients.

Furthermore, a total of 13 patients (in two sep-
arate reports)50,51 with WG refractory to standard
treatment were treated with 3–5 mg/kg inflix-
imab mainly in addition to other immunosup-
pressive therapy. Complete or partial remission
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for 6–24 months was achieved in most patients,
with substantial reduction of the BVAS.

In an open-label, multi-center, prospective
trial52 enrolling 32 patients with WG or micro-
scopic polyangiitis (MPA), infliximab was effec-
tive in inducing remission in 88% of patients 
at a mean time of 6.4 weeks, thereby permitting
reduction of steroid therapy. In this study, inflix-
imab was found to be effective as adjuvant ther-
apy for vasculitis both as a component of initial
therapy and in management of refractory dis-
ease. Interestingly, the incidence of serious infec-
tions in this study was higher than that reported
for infliximab in RA patients.

In another study, six patients with relapsing
WG or MPA refractory to corticosteroids and
immunosuppressive medication were treated with
infliximab monthly for 3 months.53 Improvement
was demonstrated by reduction of BVAS and 
corticosteroid doses.

In a cohort of 14 patients54 with AASV, 
both disease activity (BVAS) and measures of
systemic inflammation were associated with the
degree of endothelial dysfunction. Induction of
remission through the use of infliximab resulted
in a reduction in inflammation and normal-
ization of endothelium-dependent vasomotor
responses. In this study, the treatment with 
anti-TNF-α antibody did not result in any
changes in serum TNF-α levels, despite improv-
ing endothelial function, suggesting that tissue
levels of cytokine are more important in the 
disease process.

Although much evidence has accumulated
concerning the role of TNF-α in inflammatory
processes in AASV, there are insufficient 
published data and experience of TNF-α
inhibitors as a treatment in these diseases.
However, the potential role of infliximab 
cannot be discounted. Therefore, further 
randomized, placebo-controlled studies should
be initiated to address the efficacy and safety 
of TNF-α inhibitors in the treatment of WG 
or MPA

Takayasu’s arteritis

Takayasu’s arteritis (TA) is an idiopathic sys-
temic granulomatous disease of the large and

medium-sized vessels characterized by segmen-
tal stenosis, occlusion, dilatation, and aneurysm
formation in the aorta and its main branches.
The main pathologic findings of TA include 
circulating activated T cells bearing restricted 
T-cell receptor repertoire55 and predominance of
T cells in the vascular lesions.56 The involvement
of these cells in the pathogenesis of TA may be
responsible for the production of different
inflammatory cytokines such as TNF-α, IL-2 and
interferon (IFN)-γ.57 TNF-α, a key mediator of
granulomatous inflammation, has multiple
effects on vasculature including adhesion and
trans-endothelial migration of inflammatory
cells and damage of the vascular wall. In this
regard, a recent study has shown the presence of
an increased number of TNF-α-positive and 
IL-2-negative T cells in active TA, connoting the
significance of their role in the pathogenesis of
the disease.58

An open-label trial59 of 15 patients with active
relapsing TA, resistant to conventional therapy,
was carried out with 7 patients being treated
with etanercept (3 of whom later switched to
infliximab) and 8 with infliximab. Ten of the 
15 achieved complete remission, sustained for
1–3.3 years without developing new lesions on
magnetic resonance imaging (MRI) despite 
discontinuation of glucocorticoid therapy. 
Four patients achieved partial remission and
were able to discontinue glucocorticoid require-
ment. In 9 of the 14 responders, an increase in
the anti-TNF-α dosage was necessary to sustain
remission.

In a report of four patients60 with TA (three
were resistant to previous cytotoxic therapies),
three showed improvement treated with inflix-
imab at an initial dose of 3 mg/kg at weeks 
0, 2, 6, and 8. However, a higher dose regimen 
(5 mg/kg) was eventually warranted for two of
the responders.

The small number of patients and the design
of these studies do not allow further conclusions
to be drawn in relation to the efficacy and 
the role of the two TNF-α inhibitors in TA.
However, these data justify the need for an 
adequately randomized controlled trial to deter-
mine whether anti-TNF-α treatment can reduce
the morbidity and mortality rate as well as
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shorten the duration of conventional steroid 
use in TA.

Giant cell arteritis

Giant cell arteritis (GCA) is characterized by
infiltration of the vessel wall by macrophages,
giant cells, and T lymphocytes associated with
the production of several cytokines that are
responsible for the acute phase response.
Vasculitic lesions in GCA samples may be char-
acterized by in situ production of cytokines
indicative of macrophages and T-cell activa-
tion.61 Using immunohistochemical techniques,
TNF-α was demonstrated in up to 60% of 
the cells in all areas of inflamed arteries.62 In
GCA, TNF-α is localized to giant cells and
macrophages,63 suggesting that its predominant
source is the monocyte lineage, although occa-
sionally TNF-α is found in areas infiltrated by 
T cells.64 Furthermore, the TNF-R1 (p55) was
detected on endothelial cells and infiltrating
mononuclear cells adjacent to the internal elastic
lamina.65 Given the close proximity of TNF-R
and TNF-α to the internal elastic lamina, it 
has been hypothesized that TNF-α could be
involved in the leukocyte infiltration and arterial
wall destruction typifying GCA.

Several case reports suggest that GCA may be
successfully treated with anti-TNF-α inhibitors.
The recent use of infliximab in three of four
patients with long-standing corticosteroid-
resistant active GCA66 produced encouraging
results. In another report,67 two patients pro-
vided with infliximab as the initial and sole ther-
apy displayed an initial response, but relapse
occurred during follow-up. Etanercept was also
shown to be beneficial as a steroid-sparing agent
in a patient with corticosteroid-resistant GCA.68

However, the limited number of patients
included in these studies does not allow definite
conclusions to be drawn.

BEHCET’S DISEASE

Behcet’s disease (BD) is a chronic multisystemic
vasculitis capable of affecting any human organ
or system. Recurrent oral ulcers are a very signif-
icant clinical sign. BD is a worldwide pathology,

whose prevalence varies according to the popu-
lation and geographic location. Although BD has
been long known, its etiology remains an
enigma. Genetic and microbiological factors,
immune dysregulation, inflammatory media-
tors, heat-shock proteins, oxidative stress, lipid
peroxidation, and environmental factors have
been previously correlated with the pathogene-
sis of the disease.69 Th1 phenotype lymphocytes
that produce proinflammatory mediators, such
as IL-2, IL-6, IL-8, IL-12, IL-18, TNF-α, and IFN-γ
are increased in patients with BD.70 Similarly,
the percentages of peripheral γδ+ T lymphocytes
that are known to secrete IFN-γ and TNF-α
have also been found to be elevated and related
to mucocutaneous lesions in such patients, 
suggesting a direct role of Th1 phenotype lym-
phocytes in the pathogenesis of BD lesions.71

Concentration of circulating TNF-α and soluble
TNF receptors are increased in the serum of
patients with active BD.72 Following treatment,
these patients display reduced levels of Th1 
phenotype cytokines,73 whereas the levels of IL-1
receptor antagonist found at low levels in ocular
BD patients were found to be elevated in these
treated patients, further supporting the implica-
tion of proinflammatory cytokines such as TNF-
α in the pathophysiology of the disease.74

Patients with relapsing panuveitis were given
a single infusion of infliximab whilst receiving
their immunosuppressive therapy, which resulted
in rapid and effective suppression of acute
ocular inflammation and extraocular manifesta-
tions. In an open trial75 of five such patients,
treatment with a single dose of infliximab at 
the onset of a relapse of panuveitis resulted 
in remission of ocular inflammation within 
24 hours and complete suppression of the 
flare within 7 days in all five patients. According
to published data,76–81 several patients have
received anti-TNF treatment. These data strongly
suggest that infliximab is remarkably effective in
inducing short-term remission of almost all
manifestations of the disease, including acute,
sight-threatening panuveitis. It is plausible that
the efficacy of infliximab is superior to etaner-
cept in BD, but this has yet to be confirmed.
Moreover, whether such treatment is superior 
to the conventional protocol in preventing
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relapse and progression of the disease remains
unknown.

CONCLUSION

TNF-α is a proinflammatory cytokine that plays
an important role in the pathophysiology of sev-
eral inflammatory diseases. TNF inhibition may
prove effective in patients with severe, therapy-
resistant chronic inflammatory disorders includ-
ing BD, vasculitis, PM/DM, and sarcoidosis but
as yet published data are incomplete. Further
studies are currently under way and should 
provide useful information in defining the more
responsive types of inflammatory diseases,
patient characteristics, and the proper dosing
regimen. There is still much debate but the
prospects for the future are intriguing. The
logical outcome should be the increased pre-
scription of anti-TNF-α biotherapy. However,
we have to be watchful of short or mid-term
adverse events, widely described in the litera-
ture. Infrequent adverse events such as 
infections, particularly tuberculosis and less
commonly fungal infections, added to the possi-
ble increase in risk of lymphoma, all require
continued pharmacovigilance. Ongoing sur-
veillance of these and other serious adverse
events is necessary to determine the true inci-
dence rates, and the overall risk-benefit of 
TNF-α antagonists. Last but not least, the high
economical cost of these agents should also be
taken into the equation.
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INTRODUCTION

Among the most dramatic therapeutic advances
in medicine in recent years has been the develop-
ment of novel biologic therapeutics. In autoim-
mune disease, the introduction of biologic
therapeutics, particularly recombinant proteins
and monoclonal antibodies (mAbs), has been
driven largely by three factors: (1) a growing
recognition of the unmet clinical need for potent
therapeutic agents in various disease states; 
(2) a clearer delineation of the molecular patho-
genesis of diverse autoimmune conditions,
allowing the identification of specific compo-
nents of the dysregulated immune response that
could serve as relevant therapeutic targets; and
(3) advances in biopharmaceutical development,
allowing the creation of agents capable of 
altering the function of specific targets. While a
number of biologic agents targeting diverse
components of the immune system have been
introduced for several autoimmune conditions,
the greatest clinical success to date has been
achieved with inhibitors of the key proinflam-
matory cytokine tumor necrosis factor (TNF)-α.1

Through 2006, more than 1.2 million patients
worldwide have received therapy with one of
the three approved recombinant macromolecule
TNF inhibitors. The three are infliximab, a
chimeric IgG1 mAb specific for TNF-α; etaner-
cept, a dimeric soluble type-II TNF receptor
(CD120b)–IgG Fc fusion protein that binds 

TNF-α as well as lymphotoxin (TNF-β); and
adalimumab, a human IgG1 mAb specific for
TNF-α. Based on impressive results from a
number of controlled clinical trials, these agents
have been approved for use in rheumatoid
arthritis (RA), Crohn’s disease, psoriasis, psori-
atic arthritis (PsA), ankylosing spondylitis, 
juvenile idiopathic arthritis, and ulcerative 
colitis. They are under study in a variety of other 
diseases as well. As reviewed elsewhere, the
TNF inhibitors have achieved remarkable 
clinical efficacy, both in terms of substantially
improving the signs and symptoms of disease,
and in improving quality of life and maintaining
or improving functional status, a key outcome
for arthritis patients. Moreover, TNF inhibitors
have been shown to prevent the progression of
structural damage in RA and other conditions,
including PsA.

Accompanying appreciation of the tremen-
dous clinical benefit of TNF inhibitors has been
the awareness that such potent immunomodula-
tory agents may also cause untoward reactions
and adverse events.2,3 Adverse reactions related
to the use of biologic agents, including TNF
inhibitors, may be broadly considered as target-
related or agent-related (Table 40.1). Target-
related issues derive from inhibition of targets,
such as TNF, that are not only important contrib-
utors to the immune-driven inflammation central
to the etiopathogenesis of autoimmune diseases,
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but also serve key functions in physiologic
processes, such as normal inflammatory
responses and immunosurveillance. By altering
the composition and functional integrity of the
normal immune response, TNF inhibitors may
predispose patients to certain side effects, such
as infections and an increased risk of malig-
nancy. These types of untoward outcomes may
theoretically be a concern with any potent
immunomodulatory therapy, certainly with any
that are strong enough to be clinically effective
in autoimmune diseases. In addition, certain
types of infections, such as Mycobacterium tuber-
culosis, occur more commonly with TNF-directed
therapies than with other agents, suggesting 
a specific effect of TNF in host defense for partic-
ular pathogens. Some target-related adverse
events derive not necessarily from potentially
wide-ranging immunosuppression, but rather
from a unique aspect of the target. In the case of
TNF inhibitors, the development of autoanti-
bodies is an adverse effect commonly seen with
agents in this class that is not associated with
other immunomodulatory therapies. Finally,
some adverse events, such as administration
reactions, are agent-related. The three available
TNF inhibitors are large, peptide-based mole-
cules that are potentially immunogenic. Adverse
reactions such as allergic and hypersensitivity
reactions and idiosyncratic reactions relate to

characteristics of each specific agent rather than
to their common target.

ASSESSMENT OF SAFETY DATA

Pertinent to consideration of safety issues sur-
rounding the TNF inhibitors is a general consid-
eration of the sources of safety data, which
relates directly to the interpretation of such
information.4 Data concerning the safety of any
therapy come from various sources (Table 40.2).
Before a drug’s approval, all safety information
comes from clinical trials. Because of key attrib-
utes that affect its reliability, safety data from
randomized clinical trials are often considered
the ‘gold standard’. Some strengths of data from
clinical trials include the presence of controls.
Among other benefits, this allows accounting for
toxicities that relate to the disease being studied
and other medications used, rather than to the
treating agent under study. This is crucial for
autoimmune diseases, where the disease itself
can predispose to certain outcomes that would
be considered toxicities. A clear example is the
greater proclivity of RA patients to develop infec-
tions, as compared with age- and sex-matched
controls.5,6 Controlled trials also provide a com-
plete reporting of all relevant data, including
exact times and doses of medications used 
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Table 40.1 Potential safety issues with TNF
inhibitors

Target-related
Infections

Serious infections
Opportunistic infections

Malignancies
Lymphomas
Solid organ cancers

Autoantibody development
Lupus-like syndromes

Hepatotoxicity
Demyelinating conditions
Hematologic abnormalities
Congestive heart failure

Agent-related
Administration reactions

Table 40.2 Sources of safety information

Sources
Double-blind, placebo-controlled, randomized clinical 

trials (DBPCRCTs)
Long-term follow-up of patients from DBPCRCTs
Cohort studies
Patient registries
Mandatory post marketing surveillance
Voluntary/spontaneous post marketing surveillance
Case-control studies
Individual cases/anecdotes

Considerations
Completeness of data
Presence of controls
Attribution of causality
Generalizability of data
Heterogeneity/numbers of patients
Duration of treatment
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and other potentially confounding factors. This
allows more reliable attribution of causality.
However, there are some limitations that affect
the interpretation of safety data derived from
controlled trials. The primary outcome of clinical
studies is efficacy, not safety, and hence studies
are powered to appropriately define efficacy
outcomes. Therefore, the studies in general are
neither large enough in size nor long enough in
duration to capture important yet uncommon
adverse effects. Moreover, the population of
patients typically enrolled in clinical trials may
not be generally representative of the overall
population of patients for whom the therapy
under study may be used in the clinic. Thus,
clinical trials patients tend to have less comor-
bidity and fewer pre-existing conditions that
might affect the occurrence of important adverse
events. Therefore, safety data derived from other
sources are crucial to ascertainment of the over-
all safety profile of a medication. Collection of
safety data from various sources after a drug has
been approved is referred to as pharmacovigi-
lance. Various sources of data have different
strengths and weaknesses. Some, such as reg-
istries, offer some of the benefits of controlled
studies, yet provide larger numbers of patients.
Even anecdotal reports can have value in high-
lighting particular safety issues. A particular
strength of case reports is that they provide
assessment of the drug among patients with 
certain comorbidities or who are using other
medications that would have been excluded
from entry into clinical trials. These factors may 
contribute to certain adverse effects, but would
not have been identified from clinical trial data
alone. However, pharmacovigilance data are
often incomplete, and a comparison group is
often not included, precluding estimation of the
incidence of the event and causality. Therefore,
safety issues identified from pharmacovigilance
often are said to provide a ‘signal’, the true sig-
nificance of which needs to be delineated from
more controlled sources of data.

Host factors can contribute importantly to tox-
icity, and are relevant to discussions of the safety
issues surrounding TNF inhibitors (Table 40.3).
To date, the greatest exposure to TNF inhibitors
has been in patients with RA and Crohn’s disease.

Because the treatment paradigms are more often
chronic in RA, the largest exposure to TNF
inhibitors in patient-years has been in that dis-
ease. As noted, patients with RA have a greater
prevalence of certain adverse outcomes, such as
infection.5,6 Compared with an age- and sex-
matched general population, RA patients also
have a greater prevalence of certain malignan-
cies, specifically lymphoma.7 Among RA
patients, factors associated with a proclivity for
infection include advancing age, severity of RA,
comorbid conditions (e.g. diabetes mellitus,
chronic obstructive pulmonary disease), and the
use of concomitant medications such as cortico-
steroids.6 For lymphoma, the level of disease
activity and advancing age were the most
important associated factors. It is important to
note that to date, the subset of RA patients most
commonly considered appropriate candidates
for treatment with TNF inhibitors has been those
patients with severe, long-standing, refractory
disease. Any consideration of the risks associ-
ated with a particular therapeutic intervention
needs to take into account the specific popula-
tion exposed. In recent years, based upon their
established success in patients with refractory
disease, TNF inhibitors have been increasingly
tested in patients with early RA. In such
patients, who tend to be younger and suffer less
comorbidity, adverse effects have tended to
occur less commonly as compared with patients
with long-standing refractory disease.8 The use
of TNF inhibitors in diseases other than RA con-
tinues to expand.9,10 In order to be able to attrib-
ute the excess risk of adverse events to use of
TNF inhibitors in these conditions, there needs
to be delineation of the baseline risks of impor-
tant outcomes and consideration of comorbid
conditions and other factors that may predis-
pose to certain adverse effects.
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Table 40.3 Host factors relevant to safety data

Disease being treated
Severity/activity of disease
Comorbidity
Age of patients
Concomitant medications
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TARGET-RELATED REACTIONS:
IMMUNOSUPPRESSION WITH TNF INHIBITORS

Infections and serious infections

In nearly all clinical trials of TNF inhibitors,
there has been a greater incidence of infections
noted among treated patients as compared with
controls. The most common sites of infection
have typically been the same types of infection
observed in the general population and in RA
patients overall, namely the upper and lower
respiratory tracts, the skin, and the urinary
tract.11 It is important to note that an increased
risk of infection has also been observed in the
treatment group of virtually all effective thera-
pies in RA. Moreover, in the clinic, therapy with
traditional disease-modifying anti-rheumatic
drugs (DMARDs) such as methotrexate has also
been shown to be associated with an increased
risk for infections.12

Serious infections, defined by regulatory
agencies as those infections requiring hospitaliza-
tion or treatment with intravenous antibiotics,
were observed in clinical trials of TNF inhibitors
in RA. In the majority of trials, the incidence 
of serious infections in patients treated with 
TNF inhibitors was small, and did not exceed
that observed in the control group.13 However,
the primary outcome of all of these studies was
safety, and the trials were not powered to define
differences in relatively uncommon safety out-
comes. A systematic analysis that combined the
results from nine clinical trials of TNF inhibitors
has been performed.14 That analysis did find an
increased risk of serious infection among TNF
inhibitors compared with controls (3.6% versus
1.7%); however, it should be noted that in that
analysis, a non-standard definition of serious
infection was used, and no attempt was made to
control for the time of exposure, which was
nearly always greater in those clinical trials for
patients receiving TNF inhibitors.14 In that same
analysis, there was a non-significant trend
towards a greater incidence of serious infections
with higher doses of TNF inhibitor. In one of the
only clinical trials having a primary outcome of
safety, the use of high doses of a TNF inhibitor
was associated with a greater incidence of seri-
ous infections compared with a lower dose, and

the lower dose was not different from placebo 
in that regard.15 In pharmacovigilance, serious
infections have certainly been observed among
patients receiving TNF inhibitors.13 From 
those reports, the relative impact of potentially
confounding factors such as comorbidities and
concomitant medications on the rate of serious
infections remains incompletely defined. This
important question has also been addressed
using registries of RA patients.16,17 In a German
registry, the rate of infections and serious infec-
tions among 858 RA patients receiving treatment
with TNF inhibitors was compared with that
among 601 patients receiving only DMARDs.16

The relative risk for infections (3.3–4.1) as well as
serious infections (2.7–2.8) was significantly
higher among patients receiving TNF inhibitors.
However, those patients also had more severe
and more active RA, thereby placing them at a
greater a priori risk of infections. When the inves-
tigators used propensity scoring methods to
control for severity of disease as a confounder,
the relative risks were reduced. The risk of infec-
tion decreased to 2.3–3.0, and that for serious
infection became a non-significant trend of 2.1.
In data from the British registry, 7644 RA
patients treated with TNF inhibitors were com-
pared to 1354 RA patients on DMARDs alone.17

In this analysis, the crude rate of serious infec-
tions was higher among TNF-treated patients
(1.28; 95% confidence interval (CI) 0.94–1.76),
although this did not reach statistical significance.
Further, when the rates were adjusted for age,
sex, severity of RA, use of corticosteroids, and
comorbidity, there was no difference between the
groups (relative risk 1.03; 95% CI 0.68–1.57).

As a bottom line, it perhaps can be stated that
treatment with TNF inhibitors can result in an
increased risk of infections and serious infec-
tions, but that other factors such as the severity
of RA, the use of other medications such as cor-
ticosteroids, and the presence of comorbidities
are important contributors to these outcomes.

Opportunistic infections

In addition to common infections, various oppor-
tunistic infections such as Pneumocystis carinii,
listeriosis, legionella, atypical mycobacteria, coc-
cidioidomycosis, histoplasmosis, and aspergillosis
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have been reported in patients receiving therapy
with TNF inhibitors.13 The development of these
infections in many cases reflects the overall inci-
dence within the local community. For example,
coccidioidomycosis has been noted particularly
in the desert southwestern United States, and
histoplasmosis in the Ohio and Mississippi river
valleys. Overall, while the numbers of cases of
these types of opportunistic infections are small,
it does appear that treatment with TNF inhibitors
contributes to the risk for these infections.18

Other factors, such as the use of corticosteroids,
also play a role. Host factors are also important,
as a history of opportunistic infection is a risk
factor for the development of subsequent addi-
tional opportunistic infections.

Tuberculosis

Data from numerous animal studies has shown
that TNF-α plays a critical role in defense against
tuberculosis (TB) infection. Thus, inhibition of
TNF by various methods has been shown to
result in increased susceptibility to TB infection,
poor granuloma formation, greater rates of TB
reactivation, and higher mortality.18–22 Although
there were few cases of TB during clinical trials
with TNF inhibitors, post marketing surveil-
lance revealed a substantial number of cases.23,24

Through the last quarter of 2002, there were 
172 cases of TB seen with infliximab and 38 cases
seen with etanercept, with a denominator for
both of roughly 230 000 patient-years of expo-
sure. A greater risk was noted initially with 
the mAb infliximab as compared with the 
soluble receptor etanercept. Differences in risk
could be related to factors including mechanistic
differences between the agents, pharmacoki-
netic/pharmacodynamic differences, alternate
avidity for TNF, or factors related to the popula-
tions treated. Most cases appear to be reactiva-
tion of latent TB, with an onset usually within
the first few months of therapy. Importantly, the
incidence has decreased substantially with the
widespread adoption of screening for latent TB
before commencing TNF inhibitors. Interestingly,
with all three agents about half of the presenta-
tions of TB were extrapulmonary or disseminated.
This is in contrast to the general population,
where approximately 85% of cases of TB present

with pneumonia. This suggests a class effect
among TNF inhibitors. Although screening for
latent TB has been very effective, vigilance is still
required, as cutaneous anergy is not uncommon
among the populations of patients treated with
TNF inhibitors. Also, while screening can be
effective for discovering latent TB, acquisition 
of new cases of TB during therapy is always a
possibility, particularly in endemic areas.

Malignancies

Initial analyses, after the TNF inhibitors had been
available in the clinic for half a decade, suggested
that TNF inhibitor therapy was not associated
with any greater risk of solid organ tumors, but
a question arose regarding lymphoproliferative
malignancies, especially non-Hodgkin’s lym-
phoma (NHL).25 For NHL, a standardized inci-
dence ratio (SIR) of approximately 2 to 6 or more
had been observed among RA patients receiving
TNF inhibitors, compared with an age- and sex-
matched population.25–28 However, this rate may
approximate the baseline risk of the exposed RA
population. Thus, it has been shown that RA
patients are at a higher risk for developing lym-
phoma, particularly those with the most severe
and active disease.7 As this is the population of
RA patients most likely to receive TNF inhibitor
therapy, a larger number of cases of lymphoma
would be expected among treated patients.
More data with longer follow-up time are neces-
sary to fully define any potential association
between lymphoma and these agents. Indeed,
given that TNF inhibitors can be highly effective
in controlling systemic inflammation and
decreasing disease activity in RA, it might be
hypothesized that treatment should lead to a
reduction in lymphoma patients with sufficient
treatment early in the disease course.

Several observations have caused the poten-
tial effect of TNF inhibitors on solid tumors to be
re-examined. The systematic analysis of data
from clinical trials of TNF inhibitors suggested
an increased risk of cancer among patients
receiving TNF inhibitors (odds ratio 3.3; 95% 
CI 1.2–9.1).14 This study also suggested a dose
effect with a greater risk for cancer at higher
doses. There are several methodologic limitations
that affect the interpretation of this analysis,
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including the lack of accounting for exposure
time, an important point for an outcome such as
malignancy among patients in clinical trials.
However, several studies in conditions other
than RA have also raised this issue. In a study of
patients with Wegener’s granulomatosis, 6 solid
tumors developed among 89 patients receiving
treatment with a TNF inhibitor compared with
none among 91 control patients.29 It is notable
that all of these patients had previously received
treatment with cyclophosphamide, an alkylating
agent known to be associated with development
of malignancies. In a trial of patients with
chronic obstructive pulmonary disease (COPD),
1 cancer developed among 77 control patients,
whereas 9 were observed among 157 patients
treated with a TNF inhibitor.30 Most of the can-
cers were lung and laryngeal, cancers known to
occur at higher incidence among heavy smokers,
and most of the patients included in this study
had extensive smoking histories. Thus, it is pos-
sible that treatment with TNF inhibitors may
alter the risk for development of solid tumors,
particularly among patients at higher baseline
risk due to other factors. Clinicians need to be
vigilant for overall risk of cancer among treated
patients, based upon their age, sex, family his-
tory, comorbidities, and other factors that affect
the incidence of cancer.

TARGET-RELATED REACTIONS: SPECIFIC
CONSEQUENCES OF TNF INHIBITION

Pharmacovigilance data have also revealed cases
of multiple sclerosis (MS) and other demyelinat-
ing conditions among patients treated with TNF
inhibitors.31,32 Animal data have been uninfor-
mative in this regard, as inhibition of TNF
appears to be effective in experimental allergic
encephalomyelitis (EAE), an animal model with
semblance to human MS. In humans, inhibition
of TNF may modify peripheral T-cell autoreac-
tivity, which in turn may initiate release of proin-
flammatory cytokines in the CNS.32 Although the
relationship between MS and TNF inhibitor
therapy is still not clear, it is worrisome that two
studies of TNF inhibitors in patients with MS
showed worsening of MRI lesions with treat-
ment. It has been hypothesized that TNF plays a
critical role in remyelination and inhibition may

impair this process, or that TNF inhibitors might
unmask unidentified latent infections leading to
MS. While the true impact of TNF inhibitors on
the development of MS remains undefined, most
clinicians avoid these agents or use them cau-
tiously in patients with MS or other demyelinating
conditions.

An interesting observation among patients
treated with TNF inhibitors has been the devel-
opment of certain autoantibodies that are more
typically associated with systemic lupus erythe-
matosus (SLE).33,34 While positive anti-nuclear
antibodies (ANAs) are not uncommon among
RA patients, the prevalence increases to 50% or
more among those treated with TNF inhibitors.
More importantly, approximately 10–15% of RA
patients treated with TNF inhibitors also
develop autoantibodies against double-stranded
DNA (anti-dsDNA); such autoantibodies are
much less common in RA, and are more specific
for SLE than the generic ANAs. Of note, while
some patients have developed what appears to
be drug-induced lupus related to TNF inhibitors,
this seems to be quite uncommon.33,34 Therefore,
the development of ANAs and anti-dsDNA
seems to be of no consequence in the vast major-
ity of treated patients. In addition to ANAs and
anti-dsDNA, anticardiolipin antibodies have
also been observed in relation to TNF inhibition.
However, other antibodies commonly seen in
SLE patients have not been observed, suggesting
that TNF inhibition is not replicating SLE. 
Data from animal models have been contradic-
tory as regards SLE and TNF inhibition. In some
models, TNF potentiates inflammation and 
TNF inhibition is therapeutic, whereas in others 
TNF inhibition results in enhanced autoanti-
body production and more severe disease.

In many patients with chronic heart failure
(CHF), TNF levels are elevated, and there may
even be a correlation with disease activity. In
animal models of induced ischemic cardiomy-
opathy, TNF effects various changes that are
detrimental to myocardial function and overall
survival, and TNF inhibition is dramatically effec-
tive. These data provided a seemingly sound
rationale for testing TNF inhibitors in patients
with CHF. However, multiple clinical trials
assessing the efficacy of TNF inhibitors on CHF
have failed to show any benefit and, in some,
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have resulted in increased morbidity and 
mortality.35–37 TNF may actually be an adaptive
cytokine that induces vasodilation, decreases
beta-adrenergic stimulation, and prevents
myocyte apoptosis. Importantly, in RA patients,
there seems to be no association between the
development or worsening of CHF and the 
use of TNF inhibitors. Nevertheless, caution is
indicated when considering the use of TNF
inhibitors for patients with autoimmune disease
who have concomitant cardiac dysfunction.
Other adverse effects that have been infrequently
observed among RA patients treated with TNF
inhibitors include hematologic cytopenias, espe-
cially leukopenia, and hepatic dysfunction, 
manifest usually as an increase in liver function
tests (LFTs).30,38,39 Attribution of these toxicities
to TNF inhibitors among RA patients has been
somewhat difficult as patients not uncommonly
take other medications that can also be associ-
ated with these toxicities. Also, the mechanism
by which TNF inhibitors cause these reactions is
uncertain. Nevertheless, it does appear that such
events do rarely occur among treated patients,
and clinicians need to be aware of them.

TNF INHIBITORS: AGENT-RELATED REACTIONS

Various types of adverse reactions specific to
each of the different TNF inhibitors have been
observed. Antibodies to the individual agents
have been noted in treated patients, and may
underlie various hypersensitivity reactions.
Development of antibodies to biological agents
depends on several factors, including the for-
eignness of the protein (e.g. mouse versus
human), route of administration (e.g. subcuta-
neous versus intravenous), treatment paradigms
(e.g. continuous versus intermittent) and, per-
haps most importantly, the concomitant use of
immunosuppressive medications. Antibodies to
infliximab, which appear to be largely anti-idio-
typic in specificity, have been associated with
type I, type II, and type III hypersensitivity reac-
tions.2,40,41 These reactions have occurred most
commonly during the third and fourth infusions
and have ranged from mild urticaria and pruri-
tus to hypotension and even anaphylaxis.
Intermittent usage of infliximab, which is more
commonly employed in the treatment of Crohn’s

disease, has been associated with a greater
propensity for the development of antibodies to
infliximab.42,43 Those patients with a higher con-
centration of antibodies against infliximab were
more likely to experience infusion reactions than
patients who did not develop these antibodies.
The development of these antibodies is attenu-
ated by the concomitant use of immunosuppres-
sives such as corticosteroids, azathioprine,
methotrexate, and 6-mercaptopurine.42,43 By 
far the most common agent-related reactions 
to etanercept and adalimumab, which are given
subcutaneously, are injection site reactions
(ISRs). Histologically, these ISRs have been
shown to resemble delayed-type hypersensitiv-
ity reaction.44 Leukocytoclastic vasculitis, which
has been hypothesized to relate to the deposition
of immune complexes of TNF inhibitor and anti-
bodies to the inhibitor, has also been described
with all three TNF inhibitors.45 In general, reac-
tions related to one TNF inhibitor have not
developed with the subsequent use of other 
TNF inhibitors; thus switching from one agent to
another is a feasible option in such cases.

OTHER FACTORS AFFECTING RISKS FOR
ADVERSE EFFECTS

TNF certainly has a central role in the inflamma-
tory cascade and has the potential to affect various
components of the immune response. Therefore, 
it could be hypothesized that interference 
with some aspects of normal immunity might be
demonstrated in vitro and may be associated
with predisposition to certain adverse effects.
However, in the several studies that have
addressed this, TNF inhibitor therapy has not
been shown to have any demonstrable effect 
on various measures of humoral immunity, cell-
mediated immunity, and innate immune
responses.2 Of note, this includes responses to
vaccination with both peptide and carbohydrate
antigens that are no different than those
observed among RA patients in general.
Investigators have begun to assess whether any
genetic polymorphisms in factors relevant to host
defense may contribute to the risk of adverse
effects, such as infection among patients treated
with TNF inhibitors. It has been suggested that
polymorphisms in the genes encoding one of the
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Fc gamma receptors (FcγRIII) may correlate 
with efficacy outcomes among arthritis patients
treated with TNF inhibitors.46 To date, there
have been preliminary results that suggest that
polymorphisms in genes encoding TNF, lym-
photoxin, and FcγRIII may be associated with an
increased risk of certain infections.47 Further
work is needed to confirm and expand these
results before they can be applied to the clinic.

TNF is a potent central cytokine that effects
myriad activities. While inhibition of TNF has
certainly proven effective, it is not absolutely
clear what the proximate mechanism of action is
for various facets of its efficacy. A number of
potential mechanisms of action for TNF inhibitors
have been described (Table 40.4). Similarly,
when considering adverse effects related to the
use of TNF inhibitors, the specific mechanisms
underlying various toxicities have not been fully
defined. It is possible that there may be various
dose dependencies for different mechanisms,
and that this might allow refinement of therapy
so as to maximize efficacy while minimizing 
toxicity.

OTHER CONSIDERATIONS

The success of TNF inhibition has driven 
additional research into novel therapies and
treatment paradigms for RA and other immune
conditions. One question that has arisen regards
therapeutic options for patients who do not
achieve the desired level of clinical efficacy when

treated with TNF inhibitors. Hypothetically, the
idea of combining inhibitors of TNF with other
cytokine inhibitors has appeal, as it could be 
reasoned that such an approach might offer syn-
ergy. This concept has had support from certain
animal models of arthritis, where combinations
of therapies inhibiting TNF and IL-1, another
important proinflammatory cytokine, achieved
clinical results superior to either therapy used
alone. Unfortunately, when this approach was
tried in RA patients, there was no added clinical
efficacy.48 There was, however, a biologic effect
in terms of increased adverse effects, specifically
a greater incidence of infections and serious infec-
tions with combination therapy. Preliminary
results from a study assessing the combination of
a TNF inhibitor in conjunction with an inhibitor
of T-cell activity similarly revealed no substan-
tial improvement in clinical efficacy but also
showed a greater risk of infectious adverse
events, serious infections, and cancers among
patients receiving the combination of biologic
agents.49 Therefore, while the idea of combining
biologic agents with distinct mechanisms of
action has theoretical appeal, concern about
additive toxicities requires careful planning and
very close monitoring for any future studies of
this approach.

The notable success of TNF inhibitors in
established refractory RA has resulted increas-
ingly in the assessment of these drugs in patients
with early RA. Compared with patients with
long-standing RA, patients with early disease
have even better clinical outcomes. Moreover,
adverse events tend to occur less commonly
among early RA patients, presumably related to
factors such as their less frequent comorbidity
and their overall better general health. Thus,
from a safety perspective, the use of TNF
inhibitors in patients with early RA would seem
desirable. However, because such patients are
generally younger, the consequences of adverse
events, should they occur, may be distinct and
possibly have a greater deleterious impact than
among older persons. In addition, there may be
risks for patients with a long life expectancy 
that might not be seen among older persons,
such as increasing risks for infectious agents
that then may eventuate a greater risk of malig-
nancy. This is relevant for considerations of
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Table 40.4 Potential mechanisms of action 
of TNF inhibitors

Down-regulate other inflammatory mediators
- other cytokines (IL-1, IL-6, etc.)
- chemokines (IL-8, etc.)
- other mediators (e.g. prostaglandins,

metalloproteinases)
Alter vascular function

- alter adhesion molecule expression/function
- inhibit angiogenesis

Alter innate immune system function
Modulate the function of immunocompetent cells

- T cells
- macrophages
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treating juvenile patients with autoimmune 
disease as well.

As a large number of patients receiving 
therapy with TNF inhibitors are women of
reproductive age, pregnancy is an important
issue.50 All of the TNF inhibitors currently
approved are considered category ‘B’ for preg-
nancy according to the United States Food and
Drug Administration (FDA), as untoward effects
have not been noted in animal models, but there
is a paucity of human data. To date, in anecdotal
reports, it appears that the outcome of pregnan-
cies among patients treated with TNF inhibitors
is not different from that among similar persons
unexposed to this type of therapy. It is worth
noting that other therapeutic choices for RA,
such as the DMARDs methotrexate and lefluno-
mide, are contraindicated as regards pregnancy.

CONCLUSION

The introduction of TNF inhibitors has dramati-
cally improved the clinical status of many
patients with RA and other autoimmune 
diseases. The success of the agents already intro-
duced almost guarantees continued develop-
ment, and the introduction of many more
therapeutic agents in this class can be antici-
pated. Despite their tremendous clinical utility,
TNF inhibitors can be associated with adverse
reactions. Some adverse reactions are target-
related, and derive from inhibition of such a key
proinflammatory cytokine. This includes an
increased risk of infections and perhaps certain
types of cancer, particularly among persons
already at increased risk for these outcomes.
Other adverse reactions to TNF inhibition relate
to the agents themselves rather than the target,
such as various hypersensitivity reactions.
Although clinical trials provide crucial informa-
tion on the efficacy and initial tolerability of new
drugs, they are an incomplete source of safety
information. This is particularly true as regards
longer-term safety data on larger numbers of
more heterogeneous patients. Therefore, clini-
cians must be aware of the potential complica-
tions of biological therapies, and should report
these reactions so that we all might learn more
about these important agents. During treatments,
assiduous observation for any signs or symptoms

suggestive of adverse effects such as infection
and malignancy is required during therapy with
the TNF inhibitors.
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INTRODUCTION

The management of most autoimmune rheu-
matic diseases (ARDs) has improved with major
advances in drug development and our under-
standing of disease pathogenesis. ARDs share
some clinical and serological characteristics and
there is considerable overlap of immunosup-
pressive drugs used in their treatment. The over-
all goals in the management of these often
complex conditions are reducing autoimmunity,
suppressing inflammation, arresting disease
progression, and achieving remission.

Rheumatoid arthritis (RA) and systemic
lupus erythematosus (SLE) are two rheumato-
logical conditions that can share clinical and
serological features. About 4% of patients with
SLE can have erosive disease resembling RA.
The management of RA has changed dramati-
cally since the discovery of anti-tumor necrosis
factor (anti-TNF)-α therapy. Several new
approaches (some in clinical trials) offer promis-
ing additional therapeutic agents for both RA
and SLE.

These approaches are based on an improved
understanding of the pathogenesis of RA and
SLE, leading to the development of specific 
targeted therapeutic agents which modify the

disease process and prevent further damage.
This chapter reviews some of these exciting
advances.

B-CELL DEPLETION

Rituximab

Rheumatoid arthritis

RA was regarded as largely a T-cell-mediated
autoimmune disease in the 1980s to 1990s. This
was in part due to the association of HLA-DR
allotype and the presence of T cells in the RA
synovium.1 Activated T lymphocytes initiated by
arthritogenic antigens stimulate macrophages,
monocytes, and synovial fibroblasts. These in
turn generate proinflammatory cytokines 
interleukin (IL)-1, IL-6, and TNF-α, believed to
be important in the pathogenesis of RA.
Biological therapy with anti-TNF-α drugs is now
regarded as standard treatment for RA patients
who have failed classic disease-modifying anti-
rheumatic drugs (DMARDs). However, about
30% of RA patients fail to respond to anti-TNF-α
therapy, with ongoing disease activity leading to
irreversible long-term joint damage.

A renewed interest in the role of B cells in the
pathogenesis of RA was raised when Edwards
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and colleagues proposed the concept of self-
perpetuating B lymphocytes driving the disease
process.2 An example of this concept is the 
generation of IgG rheumatoid factor (RF)
immune complexes providing a positive feedback
cycle through complex signal interactions between
T and B cells. This promotes the production of
cytokines and cell surface ligands, creating a
vicious cycle. Furthermore, T-cell activation was
disrupted when human RA synovium implanted
in severe combined immune deficient (SCID)
mice treated with anti-CD20 antibodies, demon-
strating that T-cell activation is B-cell-dependent.3

The potential roles of B cells in RA include 
production of autoantibodies resulting in 
complement fixation and immune complex dep-
osition, generation of proinflammatory cytokines
like TNF-α and IL-1, and serving as antigen-
presenting cells (APCs).

CD20 is a specific marker for B cells expressed
on the surface of pre-B lymphocytes to the pre-
plasma cell stage. It is not expressed on the
hematopoietic pro-B cells and plasma cells.
Rituximab is a chimeric monoclonal antibody
(mAb) that targets CD20. It comprises the variable
regions of a murine anti-CD20 B-cell hybridoma
fused with human IgG constant regions. The
killing of B cells by rituximab is thought to be
mediated by induction of complement-mediated
activities, activation of antibody-dependent
cytotoxic activity (ADCC), and apoptosis.4

Interestingly, the killing mechanism of ritux-
imab has been shown to be different in different
tissue environments.5 Rituximab was approved
by the Food and Drug Administration (FDA) in
1997 for the treatment of patients with non-
Hodgkin’s lymphoma. The safety profile of 
rituximab in this population is well defined,
with experience in more than 900 000 patients
and close to a decade of post marketing 
surveillance.

In an open study of five refractory seroposi-
tive RA patients treated with rituximab, cyclo-
phosphamide, and prednisolone, all achieved
major improvement (ACR 50 or 70) for at least 
6 months.6 An extension study involving 
22 patients with RA treated with varying rituximab
doses and cyclophosphamide with or without
steroids demonstrated major improvement in
patients who were treated with a rituximab dose

of at least 600 mg/m.2 All patients tolerated
treatment well with no major side effects.7 These
encouraging results led to a phase IIa controlled
study in 2004, which confirmed the efficacy of 
B-cell depletion in RA.8 In this study, 161 patients
with active seropositive RA despite methotrexate
of at least 10mg/week were randomized to four
different treatment arms. The treatment regimes
were methotrexate 10 mg/week only (control
group), rituximab alone (1000 mg on days 1 
and 15), rituximab with cyclophosphamide 
(750 mg intravenously on days 3 and 17), and rit-
uximab with methotrexate. All groups received
a 17-day course of corticosteroid which included
100 mg intravenous (i.v.) methylprednisolone
prior to rituximab and cyclophosphamide 
infusions. The primary outcome was ACR 50
response at 24 weeks. At 24 weeks, the ACR 50
response rate was significantly better at 33–43%
in the rituximab groups compared with 13% in
the control groups. Clinical benefit was main-
tained at 48 weeks in the rituximab groups. All
rituximab regimens were generally safe and well
tolerated. Most of the adverse events observed
were due to first rituximab infusion reactions
(36% vs 30% in the placebo group). This occurred
less frequently during the second infusion (17%
vs 15% in the placebo group). Total immunoglob-
ulin levels were generally preserved and the inci-
dence of human anti-chimeric antibodies
(HACAs) was 4.3%.

Subsequently, a phase IIb (DANCER) study
assessed whether a lower dose of rituximab in
combination with methotrexate was just as 
effective and if corticosteroids were necessary in
all treatment regimes.9 The study design was
complex with a 3 by 3 multifactorial design
resulting in patients randomized to nine differ-
ent treatment arms. The primary endpoint was
the proportion of RA patients who had failed 
previous DMARD or biological therapy achieving
an ACR 20 response rate. In the rituximab
groups, patients were randomized to placebo
versus 500 mg rituximab (two infusions, 2 weeks
apart) vs 1000 mg rituximab (two infusions, 
2 weeks apart). The corticosteroid groups were
placebo vs 100 mg i.v methylprednisolone 
(days 1 and 15 before rituximab) vs 100 mg i.v
methylprednisolone plus 60 mg oral pred-
nisolone (days 2–7) and 30 mg oral prednisolone
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(days 8–14). A third of patients in the rituximab
groups had failed previous anti-TNF-α therapy.
At 24 weeks, patients treated with rituximab had
significantly higher ACR 20, ACR 50, and ACR 70
responses compared with placebo groups
(Figure 41.1). There was no difference in ACR
response rates in the low and high dose 
rituximab groups except for a higher number of
patients achieving ACR 70 in the high dose
group, although this was not statistically 
significant. Corticosteroids did not contribute to
clinical efficacy at 24 weeks but i.v corticos-
teroids reduced the incidence of first rituximab
infusion events. Clinically significant infections
were uncommon, although there were a few
more observed in the high dose rituximab group
(2%) compared with placebo (1%) and the low
dose group (0%). Rituximab also showed 
prolonged efficacy at 48 weeks, with ACR 50
responses of 38% in the high dose rituximab,
group, 42% in the low dose rituximab, and 
20% in the placebo group.10

The FDA has now approved rituximab for RA
in patients who have failed one or more 
anti-TNF-α agents. This decision was based in
part on the phase III (REFLEX) study.11 Patients
were randomized to receive placebo or two infu-
sions of 1000 mg rituximab (days 1 and 15) with 
100 mg i.v. methylprednisolone and a short course
of oral steroids between the two rituximab

infusions. Rituximab showed ACR 20, ACR 50,
and ACR 70 responses of 51%, 27%, and 12%
compared with placebo of 18%, 5%, and 1%,
respectively, at 24 weeks. Rituximab was well
tolerated with serious adverse events occurring
in 7% and 10% in the rituximab and placebo
groups, respectively.

The REFLEX trial also showed that at week 56
there was a significant difference in mean
change of total Sharp/Genant score (measuring
radiographic changes) in the rituximab group
compared with placebo, suggesting that ritux-
imab can inhibit joint structural damage.12 The
current recommended dose of rituximab in RA
is 1000 mg given as two infusions 2 weeks apart.

There are still many unanswered aspects of
rituximab treatment in RA, including the role of
re-treatment. Edwards and colleagues recently
reported a 5-year follow-up on a cohort of 36 RA
patients treated with up to 4 cycles of rituximab
for persistent disease activity. The mean time to
re-treatment was 18 months and each cycle was
effective (maintaining ≥ ACR 20) for a mean
period of 15 months. Re-treatment was well 
tolerated but total serum immunoglobulin levels
fell below the normal range, particularly serum
IgM.13 Preliminary reports from additional
open-label extension of the REFLEX and
DANCER studies looking at re-treatment 
suggest that repeated cycles of rituximab produce
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Figure 41.1 Patients who experienced responses according to American College of Rheumatology 20% (ACR 20), 50% (ACR 50),

and 70% (ACR 70) improvement criteria at 24 weeks. ACR 20 and ACR 50 (placebo rituximab vs 2 × 500 mg rituximab vs 

2 × 1000 mg rituximab, p ≤ 0.001), ACR 70 (placebo rituximab vs 2 × 500 mg rituximab, p = 0.029; placebo vs 2 × 1000 mg

rituximab, p ≤ 0.001). Adapted from Arthritis Rheum 2006; 54: 1394, Emery P et al (with permission from Wiley).
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an ACR response rate comparable to baseline,
with no added toxicity.14,15 Although the inci-
dence of the HACA response related to ritux-
imab appears to be relatively low in the RA
population, its significance remains uncertain.
As a result, the safety and efficacy of a human-
ized mAb against CD20 (Hu-Max CD20) in RA is
being explored in a phase I/II controlled trial.

Systemic lupus erythematosus

The immunopathogenesis of SLE is complex but
involves genetic, hormonal, and environmental
factors leading to loss of B-cell tolerance, which
is central to the development of the disease. B
cells play a key role in the immunopathogenesis of
SLE.16 It is postulated that anti-dsDNA antibod-
ies have pathogenic properties, especially in
lupus nephritis.17 However, murine SLE models
have shown that B cells are critical to the devel-
opment of the disease even if they are unable to
secrete autoantibodies,18 suggesting that the
mechanisms involved are far more complex than

pathogenic autoantibody production. B cells also
present autoantigens to T cells and initiate
inflammatory responses through T cells and
dendritic cells with the production of proinflam-
matory cytokines TNF-α, IL-12, IL-6, and inter-
feron (IFN)-γ. This inflammatory response is
further enhanced by T- and B-cell interaction via
costimulatory molecules resulting in subsequent
immune complex deposition and organ damage.

In addition to B-cell hyperactivity, numerous
studies have found abnormalities in peripheral B-
cell homeostasis in patients with active SLE. These
include lymphopenia and expansion of certain B-
cell subsets (CD27high plasma cells) in peripheral
blood.19 The frequency and number of CD27high

plasma cells are found to be significantly corre-
lated with SLE disease activity and anti-dsDNA
antibody levels.20 The concept of targeting B cells
in SLE is thus a rational therapeutic strategy.

Rituximab has already shown great promise
in the treatment of refractory SLE in a number of
published uncontrolled observational studies
(Figure 41.2 – target 1). Leandro and colleagues
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Figure 41.2 B-cell-directed therapy in SLE. (1) monoclonal antibodies against B-cell surface antigen CD20 and CD22. (2) B-cell

tolerogen (e.g. LJP 394). (3) Inhibition of costimulatory molecule (e.g. CD40L mAb). (4) Inhibition of costimulatory molecule 

(e.g. CTLA-4-Ig). (5) Inhibition of B-cell survival (e.g. anti-BLyS or TACI-Ig). DC, dendritic cell, MΦ, macrophage; IL, interleukin; 

CTLA-4, cytotoxic T-lymphocyte antigen 4; Ig, immunoglobulin; mAb, monoclonal antibody; BLyS, B-lymphocyte stimulator protein;

TACI, transmembrane activator and calcium modulating cyclophilin ligand interactor. Reprinted from Best Pract Res Clin

Rheumatol, 19, Anolik JH, Aringer M, New treatments for SLE: cell-depleting and anti-cytokine therapies, page 861, copyright

(2005), with permission from Elsevier.
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published the first trial of six severely active SLE
patients who had failed routine immunosup-
pressives including cyclophosphamide.21 A
combination protocol of two infusions of 500 mg
rituximab plus 750 mg cyclophosphamide
(given 2 weeks apart) and high dose oral corti-
costeroid course was used. All patients (except
one who was lost to follow-up) had significant
improvement with a decrease of mean British
Isles Lupus Assessment Group (BILAG) scores
from 14 to 6 at 6 months. There was particular
benefit in lupus-related fatigue, arthritis/
arthralgia, skin vasculitis, and serositis. The
mean duration of B-cell depletion was 4.4 months
with no significant adverse events noted. 
An extension of the original study involving 
24 refractory SLE patients from the same group
confirmed similar benefit using the same protocol
but with a higher dose of 1 g rituximab.22 There
was corresponding serologic improvement with
a decrease of anti-dsDNA antibodies and
increase in serum C3 levels at 6 months. B-cell
depletion was achieved by all patients except
one. A significant advantage of this protocol is
that all immunosuppressives were stopped in all
but two patients. Thirteen patients remained
well without the need for further immunosup-
pressives at mean follow-up of 23 months.
Furthermore, the addition of cyclophosphamide
may provide a higher level of B-cell depletion by
directly inducing plasma cell death.

Ongoing long-term follow-up of up to 6 years
in 30 patients with SLE treated with combination
rituximab and cyclophosphamide at University
College London (UCL) suggests that the treat-
ment is relatively safe with infrequent treatment-
related toxicity. Of the 30 patients, 2 of the 
3 serious adverse events observed are thought to
be related to rituximab. One patient developed
pneumococcal septicemia 5 months after 
treatment, whilst B cells remained depleted, and
another had a serum sickness-like reaction
which resolved with i.v. steroids. A further
patient died from complications related to
severely active lupus 5 months after treatment
with repopulation of B cells at 4 months (KP Ng,
DA Isenberg, unpublished observations). Ten
patients (seven previously reported23) in the
UCL cohort have been re-treated with at least
another cycle of rituximab on relapse of disease.

Clinical benefit was observed in at least half of
the patients. Interestingly, the mean duration of
benefit on subsequent cycle was longer than the
initial cycle, suggesting additional benefit of 
re-treatment (13 months vs 7 months). The
HACA response appears to be more frequent in
lupus individuals compared with lymphoma or
RA patients. One patient who developed
HACAs on re-treatment was treated successfully
with a humanized anti-CD20.24

These studies suggest that B-cell depletion is
generally harder to achieve in the lupus popula-
tion compared with RA patients. This may be
due to complement dysfunction or different 
rituximab pharmacokinetics in lupus individuals.
In one study, the extent of B-cell depletion 
was also found to be dependent on the FcγRIIIa
genotype, suggesting the importance of 
ADCC and apoptosis in the mechanism of 
B-cell lysis.25

A phase I/II dose escalation trial of rituximab
monotherapy in 18 patients with mild to moderate
lupus activity (Systemic Lupus Activity
Measure, SLAM > 5) was conducted by Looney
and colleagues.26 Patients who were previously
on cyclophosphamide were excluded from the
study. All other immunosuppressives were 
permitted as long as doses were stable for a
month before study entry. Patients were allocated
to low (100 mg/m2), intermediate (375 mg/m2),
or high (4 weekly infusions of 375 mg/m2) 
rituximab dose regimes. There was a significant
improvement of SLAM global scores for up to 
12 months in patients with profound B-cell
depletion. Only half of these patients had raised
anti-dsDNA antibody levels at the outset,
making an analysis of the effect of B-cell 
depletion hard to judge. Six patients developed
high titer HACA levels and this response was
associated with African–American ancestry,
reduced B-cell depletion, high disease activity,
and lower doses of rituximab. Serum IgM
decreased below the normal range in seven
patients whilst IgG and IgA levels remained
within the normal limits. Protective anti-tetanus
and anti-pneumococcal IgG antibodies
remained unchanged. Antibodies to ENA 
also show little change after B-cell depletion 
in most cases.27 Besides clinical improvement,
abnormalities of B-cell homeostasis and 
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tolerance in SLE patients also improve after 
B-cell depletion.28

A study of Greek patients with active WHO
class III/IV class lupus nephritis treated with a
lymphoma dosing regime of 4 weekly rituximab
infusions of 375 mg/m2 demonstrated clinical
benefit.29 Although patient numbers were small,
5 of the 10 patients achieved complete remission
defined as normal levels of serum creatinine and
albumin, inactive urine sediment, and 24-hour
urinary protein < 500 mg. Response was sus-
tained in four patients at 12 months. Interestingly,
the authors found down-regulation of expres-
sion of costimulatory CD40 ligand (CD40L) on
T-helper cells preceding renal remission. This
observation lends further support to the addi-
tional role of B cells in the mechanisms underly-
ing immunopathogenesis of SLE. Anti-dsDNA
antibody titers were decreased in all patients
and treatment was well tolerated, with only one
patient developing a hypersensitivity reaction
which resolved with hydrocortisone. A recent
study has shown histologic improvement on
repeat renal biopsies of patients with severe
lupus nephritis after combination rituximab and
cyclophosphamide therapy.30

Anti-CD22

Systemic lupus erythematosus

CD22 is a B-cell-specific transmembrane protein
of the IgG superfamily that is associated with 
B-cell receptor signaling and B-cell homing. It is
expressed from the late pro-B cell stage until the
differentiation of plasma cell phase (Figure 41.2
– target 1). The outcome of an open-label study
of an anti-CD22 mAb (epratuzumab) in 14 mod-
erately active SLE patients was recently
reported.31 All patients improved with a
decrease in total BILAG scores of ≥ 50% at some
point during the 6-month study. No significant
change in autoantibody levels was noted and the
drug was well tolerated. Moderate B-cell deple-
tion was observed and this may be partially
related to the agonist activity of CD22, which
contains an immunoreceptor tyrosine-based
inhibitory motif.32 Two phase III clinical trials 
of epratuzumab in active SLE are currently in
progress.

Inhibiting B-cell survival

The survival and maturation of B cells requires
the presence of survival and trophic factors like
vascular cell adhesion molecule-1 (VCAM-1) and
B-cell-activating factor (BAFF), also known as 
B-lymphocyte stimulator protein (BLyS). BLyS is
a member of the TNF superfamily of cytokines. It
binds to three receptors, transmembrane activator
and calcium modulating cyclophilin ligand inter-
actor (TACI), BAFF-receptor (BAFFR), also called
BR3 (BLyS receptor 3) and B-cell maturation 
protein (BCMA) to form a complex with multiple
mode of actions.33 These actions include differen-
tiation and activation of B cells leading to autore-
activity from antibody production, rescuing 
B cells from death and inducing a costimulatory
response in T cells.34 A second growth factor with
B-cell-stimulating properties, APRIL (A prolifer-
ation-inducing ligand) has also been identified.35

APRIL binds BCMA and TACI receptors but not
to BAFFR. Animal models have demonstrated
that dysregulation of BAFF expression can lead to
autoimmunity.36 Furthermore, peripheral blood
serum BLyS is high and correlated positively with
anti-dsDNA antibody in patients with SLE and
RF antibodies in patients with RA.37 Thus, the
inhibition of B-cell survival factors BAFF/BLyS is
another novel way to deplete B cells. Other 
targets available include fusion proteins with a
BAFF receptor, TACI-Ig (atacicept) or BAFF-
receptor 3 (BR3). Circulating levels of BLyS are
found to be markedly elevated after B-cell 
depletion with rituximab in patients with RA.
The repopulation of peripheral B cells was associ-
ated with a decline in BLyS levels, just before 
clinical relapse.38 This observation suggests that
combining B-cell survival inhibitor agents and
anti-CD20 mAb therapy may act synergistically
to achieve a longer duration of clinical remission.

Rheumatoid arthritis

Belimumab/lymphostat-B is a human mAb
directed against BLyS. Results of a phase II
study with this agent in 283 RA patients demon-
strated a modest effect with an ACR 20 response
rate of 29% compared with 16% in the placebo
group (p = 0.02).39 No significant adverse 
events were reported and there was moderate 
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B-cell depletion with a significant reduction of
RF titers.

The pharmacokinetic profile of TACI-Ig was
investigated in an initial phase Ib trial of moder-
ate to severe RA patients. The frequency and
severity of adverse events were comparable to
the placebo group and interestingly, the 
drug was also found to be present in inflamed
joints.40

Systemic lupus erythematosus

A phase I dose escalation trial of belimumab in
57 stable SLE patients showed a significant
reduction of peripheral B cells but no effect on
disease activity41 (Figure 41.2 – target 5).
Outcome from the phase II trial of belimumab in
449 patients with SLE was recently presented.42

Although there was only a significant improve-
ment of lupus activity measured using the
SELENA-SLE Disease Activity Index (SLEDAI)
score in serologically active (HEp ANA > 1:80
and/or anti-dsDNA ≥ 30 IU) patients, B-cell
depletion and improvement of immunological
parameters were achieved in most patients at 
52 weeks with no notable side effects. However,
this study was unusual with > 20% of the
patients said to have SLE being ANA-negative.
The further evaluation of this drug in a phase III
trial is currently planned. A phase Ib trial of
TACI-Ig in SLE patients is under way and due to
complete soon (Figure 41.2 – target 5).

INHIBITION OF COSTIMULATORY MOLECULES

Abatacept (Orencia)

Rheumatoid arthritis

As discussed, targeting T cells can be a poten-
tially novel strategy for the treatment of RA.
This approach has been evaluated in the past
with targeting sites like the T-cell surface anti-
genic determinants (CD4, CD5), T-cell receptors,
modulating CD4+ T-cell function via CD4+ mAb
and antagonizing the major histocompatibility
complex (MHC).43 Unfortunately, none of these
approaches has been very successful.

Another novel method to target T cells is by
inhibiting costimulatory molecules. The activation
of T cells requires two signaling mechanisms.

The first signal is antigen-specific with the binding
of a major histocompatibility peptide–antigen
complex to a T-cell receptor. The second costim-
ulatory signal binds an APC surface ligand 
to a surface protein on the T cell. One of the major
costimulatory signals is the interaction of CD28
on T cells with CD80/CD86 on APC. Cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4) is
expressed on activated T cells and competes with
CD28 for binding to CD80/CD86, generating a
negative signal to T cells. The importance of 
activating CD28 has been highlighted recently in
a tragic trial at Northwick Park Hospital in
London. Six healthy volunteers given a stimulating
CD28 mAb experienced a ‘cytokine release’
storm leading to severe headaches and later, 
profound vasoconstriction.

Abatacept (CTLA-4-Ig) is a fusion protein
consisting of the external domain human CTLA-4
receptor protein and the Fc domain of human
IgG1. It binds to the CD80/CD86 ligand on
APCs, which prevents the costimulatory binding
of CD28 on T cells. As a consequence, there is
down-regulation of T-cell activity resulting in
decreased proinflammatory cytokine production
and subsequent reduction of B-cell autoantibody
production.

Kremer and colleagues conducted a phase II
study of 339 active RA patients despite
methotrexate, assigned to receive placebo or
abatacept 2 mg/kg or abatacept 10 mg/kg plus
methotrexate.44 The optimal dose of abatacept
was 10 mg/kg with significantly higher ACR 20,
ACR 50, and ACR 70 response rates of 60%,
36.5%, and 16.5% compared with placebo 35.3%,
11.8%, and 1.7%, respectively, at 6 months.
CTLA-4-Ig was well tolerated with no deaths.
Clinical benefit was sustained for up to 1 year
with corresponding improvement in the modi-
fied Health Assessment Questionnaire (HAQ)
scores in patients treated with 10 mg/kg 
abatacept.45 To confirm the phase II study find-
ings, a phase III 1-year Abatacept in Inadequate
Responders to Methotrexate (AIM) study was
performed.46 At 1 year, the group receiving abat-
acept 10 mg/kg had a significantly higher 
ACR 20, ACR 50, and ACR 70 response rate than
the placebo group (73.1%, 48.3%, 28.8% versus
39.7%, 18.2%, 6.1%, respectively). In addition,
patients treated with abatacept had a significant
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slowing of radiographic progression (approxi-
mately 50% reduction in change of Genant-
modified Sharp scores from baseline) compared
with placebo. Improvement of structural joint
damage was also sustained at 2 years.47

A large phase III randomized placebo-
controlled abatacept trial in treatment of anti-
TNF-α inadequate responders (ATTAIN) estab-
lished that abatacept is also efficacious in RA
patients who have failed anti-TNF-α therapy.48

In December 2005, the FDA approved abatacept
for use in RA patients who had failed methotrex-
ate or anti-TNF-α antagonists based on the find-
ings of the AIM and ATTAIN trials.

Patients recruited in the ATTAIN trial con-
sisted of current and previous users of anti-
TNF-α therapy (washout period of 28 days for
etanercept and 60 days for infliximab). No
patients had prior adalimunab. Patients contin-
ued their stable dose of traditional DMARD or
anakinra throughout the trial. The majority of
patients were on methotrexate. At 6 months,
there was a higher proportion of patients achiev-
ing ACR 20 (50.4% vs 19.5%, p < 0.001), ACR 50
(20.3% vs 3.8%, p < 0.001), and ACR 70 (10.2% vs
1.5%, p = 0.003) responses compared with
placebo. Although acute infusion reactions were
more frequent in the abatacept group, the reac-
tions were mild to moderate intensity and 
rates of serious adverse events were similar in
both groups. Abatacept was administered 
intravenously over 30 minutes. After the initial
infusion, another dose was given 2 weeks and 
4 weeks later followed by monthly infusions
thereafter.

The ASSURE (Safety and Patient-reported
Outcomes Associated with Abatacept in the
Treatment of Rheumatoid Arthritis Patients
Receiving Background DMARDs) trial was
designed to assess the safety of abatacept in
combination with traditional DMARDs and
other biologics.49 Patients were randomized to
monthly infusion of abatacept 10 mg/kg or
placebo for 1 year. Of the 1441 patients recruited
in the study, the majority were on combination
treatment with non-biologic agents. Only 
103 patients were in the abatacept/biologic
group compared with the abatacept/non-biologic
(n = 856), placebo/non-biologic (n = 418), and
placebo/biologic (n = 64) groups. There was a

higher frequency of infections in the abata-
cept/biologic group compared with the other 
three groups (19.4% vs 6.3–8.8%). This suggests
that combination treatment with two biologic 
therapies of different mode of actions is not advis-
able. In addition, there were more neoplasms
observed in the abatacept/biologic group (6.8%
vs 1.6–3.8%). It is important to note that patient
numbers in each group were relatively small
and a direct association with malignancy is diffi-
cult to ascertain.

Systemic lupus erythematosus

In the NZB/NZW mouse model, production of
autoantibody was blocked with prolongation 
of life when mice were treated with murine
CTLA-4-Ig.50 A number of studies have looked
at the therapeutic effects of CTLA-4-Ig in lupus-
prone mice with nephritis. One study found that
combination CTLA4-Ig and cyclophosphamide
was needed to treat mice with late stage renal
disease.51 In another study, CTLA-4-Ig mono-
therapy was beneficial in lupus mouse models
with renal disease but combined treatment with
cyclophosphamide was more effective.52 A
phase IIb controlled study looking at the poten-
tial of CTLA-4 in treating acute flares in patients
with SLE has started (Figure 41.2 – target 4). The
safety and efficacy of another costimulatory
agent, RG2077, in SLE patients treated with
cyclophosphamide is currently being assessed in
a phase I/II clinical trial.

Anti-CD40L

Systemic lupus erythematosus

The interaction of costimulatory molecule
CD40L and CD40 has been studied as another
immune pathway to target (Figure 41.2 – target 3).
CD40L, expressed on activated T cells, 
binds avidly to CD40 on B cells facilitating 
B-cell autoantibody production. Unfortunately,
encouraging results from the blockade of
CD40L/CD40 in animal studies have not trans-
lated to human studies. The two humanized
anti-CD40L mAbs involved in therapeutic trials
are BG9588 and IDEC-131. IDEC-131 targets a
different epitope to BG9588. Although a phase I
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trial of IDEC-131 was safe and well tolerated in
patients with SLE,53 it was no better compared to
placebo in the treatment of active lupus in a
phase II controlled trial.54 Another phase II trial
of BG9588 in lupus nephritis was halted because
of increased incidence of thromboembolic events
in treated subjects.55

IMMUNOABLATION

Systemic lupus erythematosus

Immunoablation with or without hematopoietic
stem cell transplant (HSCT) has been used in
patients with severe refractory lupus who have
failed conventional immunosuppressive treatment.
This concept, derived from hematologists, aims
to ‘reset’ the immune system by ablating abnormal
cells with high dose chemotherapy followed by
repopulation of healthy hematopoietic stem
cells. This non-specific method of cellular deple-
tion can be associated with significant morbidity
and mortality.

A retrospective review from the European
Blood and Marrow Registry identified 53 patients
with SLE treated with autologous HSCT using a
conditioning regime of cyclophosphamide, anti-
thymocyte globulin, or lymphoid irradiation.56

Remission (SLEDAI < 3) was achieved in 66% of
patients at 6 months. However, relapse rate 
was high, with 32% of patients relapsing after 
6 months. Treatment-related mortality was 
high at 12%.

The results of a study involving 48 severe
lupus subjects with life-threatening organ
involvement treated with autologous non-
myeloablative HSCT were recently published.57

Mortality rate was 4% with two deaths, one from
a fungal infection and the other from active
lupus after a delayed period to transplant. At
follow-up of 29 months, there was improvement
of disease activity and lupus serological profile,
and stabilization of organ dysfunction.

Petri and colleagues used immunoablation
without HSCT in 14 SLE patients based on the
rationale that autoreactive effector cells may be
reinfused with HSCT.58 Patients were treated
with 50 mg/kg cyclophosphamide for 4 days fol-
lowed by granulocyte colony stimulating factor
(G-CSF). All patients improved, with no deaths

or fungal infection observed. Another group also
confirmed similar benefit and safety using
immunoablation without HSCT in four SLE
patients.59 At present, immunoblation should be
reserved for severe refractory SLE patients with
life-threatening organ dysfunction.

Rheumatoid arthritis

Since 1996, most published reports on the use of
autologous HSCT in RA have been individual
cases or case series. Clinical benefit is often
modest and short-lived, with most patients
relapsing after 6 months.60 This treatment may
also have a favorable effect on the rate of radio-
graphic joint damage.61 An analysis of 76 
severe RA patients from the European bone
marrow and transplant registry showed an 
ACR 50 response rate of 67% at 12 months.62 The
majority of these patients had a high dose treat-
ment regime of cyclophosphamide 200 mg/kg
with autologous HSCT. There was one death
related to sepsis but most patients relapsed, with
74% of patients needing to restart a DMARD
after 1 year post HSCT. Recently, with the
advent of new technology, new conditioning
regimes have been used to lower the incidence
of acute graft versus host disease, resulting in
microchimerism.63 The first non-myeloablative
allogeneic HSCT was performed in a patient
with severe refractory RA on this background.64

Results were encouraging, with remission of dis-
ease 1 year post HSCT without further require-
ment of immunosuppressive drugs. A phase 1
trial looking at induction of tolerance with
mixed microchimerism from allogeneic HSCT in
RA is currently recruiting.

TOLERIZING T CELLS

Edratide

Systemic lupus erythematosus

Edratide (TV-4710) is a synthetic peptide which
has been developed to modulate the immune
system by tolerizing T cells. The peptide has 
19 amino acid residues based on the comple-
mentarity determining region 1 (CDR 1) of a
pathogenic human anti-DNA mAb bearing the
16/6 idiotype (Id).65 Edratide has demonstrated
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its ability to down-regulate autoreactive T-cell
responses of peripheral blood lymphocytes in
SLE patients.66 Two placebo-controlled phase 1
trials of edratide in patients with SLE were 
completed in 2004. A phase II trial is in progress.

TOLERIZING B CELLS

LJP 394

Systemic lupus erythematosus

LJP 394 (abetimus sodium) is a conjugate
tetravalent oligonucleotide attached to an inert
polyethylene glycol platform. It acts as a B-cell
tolerizing agent by binding to anti-dsDNA
receptors and modulates B-cell responses to
induce anergy or apoptosis67 (Figure 41.2 –
target 2). It has been used to treat patients with
lupus nephritis since the 1990s. LJP 394 has been
shown to reduce anti-dsDNA antibody titers in
lupus subjects.68 A phase II/III trial was con-
ducted in 230 lupus subjects with a past history
of nephritis to investigate if this compound
could prevent future renal flares.69 The study
was stopped prematurely because no difference
in time to renal flare and number of flares
between the abetimus and placebo groups was
found. However, a sub-analysis showed that
patients with high affinity antibodies to abetimus
had a longer time to renal flare, experienced
fewer flares, and restarted cyclophosphamide
much later compared with the placebo group.
Serious adverse events were comparable for both
groups. In addition, patients in the treated group
showed a significant improvement of health-
related quality of life measured by the SF-36.70 A
subsequent randomized placebo-controlled
phase III trial of 298 high affinity lupus patients
did not confirm the phase II/III study findings,
with 12% and 16% of patients flaring in the high
affinity group and placebo group, respectively.71

However, patients treated with LJP 394 had a sta-
tistically significant decrease of greater than 50%
24-hour urinary protein compared with placebo
when the two studies were analyzed (44% LJP
394 group vs 18% placebo group – phase II/III
study, p = 0.002 and 41% LJP 394 group vs 28%
placebo group – phase III study, p = 0.047).72

Because of these contradictory results, another
phase III controlled trial is in progress.

ANTI-CYTOKINE THERAPIES

Anti-TNF-a

Rheumatoid arthritis

The use of anti-TNF-α agents is well established
in the management of RA. The three anti-TNF-α
agents approved for use in RA are infliximab,
etanercept, and adalimumab. Several randomized
controlled trials have confirmed the significant
clinical efficacy of these three agents in combina-
tion with methotrexate or monotherapy in
achieving remission for patients with early and
long-standing RA.73–75 In addition, anti-TNF-α
therapy can slow progression of radiographic
structural joint damage. Whilst it is clear that
patients treated with anti-TNF-α agents are at risk
of infections,76 long-term complications are still
unknown. The British Society of Rheumatology’s
Biologics Register is nearing full recruitment of
4000 patients each on these three drugs. The
analysis of infections and other complications
(including cancer rates) in these 12 000 patients
compared to 4000 controls (with active RA but
not on any of the TNF-α blockers) over a 5-year
period should provide definitive answers as to
how effective and safe these drugs are. The use
of pegylated anti-TNF-α agents (certolizumab
pegol [CDP-870] and CNTO 148) is currently
being investigated.

Systemic lupus erythematosus

The role of anti-TNF-α therapy in lupus is yet 
to be determined. The mixed results from 
experimental mouse models have pointed
towards a somewhat unclear role of TNF-α in
the pathogenesis of SLE.77 Furthermore, the
development of ANAs has been observed
amongst patients receiving anti-TNF-α therapy,
although the incidence of clinical lupus is rare.78

Aringer and colleagues controversially treated
six lupus patients with arthritis and nephritis of
low to moderate disease activity on a background
of low dose corticosteroids and azathioprine or
methotrexate with infliximab79 (Figure 41.3 –
target 6). Patients received four infusions of 
300 mg infliximab (~ 5 mg/kg) on day 0, and
week 2, 6, and 10. All patients completed the
study at 52 weeks and no infusion reactions
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were noted. There was a significant reduction of
proteinuria in all four patients with lupus
nephritis and benefit was sustained for more
than 6 months after the last infusion. Three
patients with arthritis only had short-lived ben-
efit and one of these patients was treated on
relapse with another infusion of infliximab at
week 20. Half of the patients had urinary tract
infections, highlighting the risk of infections
with anti-TNF-α therapy. Not surprisingly, two-
thirds of the patients had transient elevated anti-
dsDNA antibodies after the infusions but
without any increase in disease activity. More
studies are needed before anti-TNF-α therapy
can be recommended for patients with SLE.

IL-6

Rheumatoid arthritis

IL-6 is a pleiotropic cytokine with proinflammatory
and anti-inflammatory properties. It is produced

by a variety of cells including fibroblasts, syn-
oviocytes, lymphocytes, monocytes, and
endothelial cells. In addition, it aids the produc-
tion of autoantibodies by stimulating B cells. 
IL-6 is a key proinflammatory cytokine in the
pathogenesis of RA. Levels of IL-6 are higher in
the serum and synovial fluid of patients with RA
compared with controls and correlated with 
disease activity.80

An open-label study of murine anti IL-6 
mAb in five RA patients showed encouraging
results, although benefit was short-lived.81

IL-6 may also be targeted via blocking its recep-
tor IL-6R. MRA (tocilizumab) is a humanized
mAb that blocks the IL-6R. In a phase I/II
placebo-controlled randomized study of 45
active RA patients who failed at least one
DMARD, a single dose of 5 mg/kg MRA 
produced a significantly higher ACR 20
response rate of 55.6% compared with placebo at
2 weeks.82 Clinical benefit was maintained at 
8 weeks. Inflammatory markers were normalized
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Figure 41.3 Overview of targeted therapies in SLE. (1) Antibodies to surface molecules (anti-CD20 and anti-CD22 mAb). 

(2) B-cell tolerogen (LJP 394). (3) Inhibition costimulatory molecule (CD40L). (4) Inhibition costimulatory molecule (CTLA-4-Ig).

(5) Inhibition B-cell-directed cytokines. (6) Inhibition proinflammatory/immunoregulatory cytokines derived from

monocytes/macrophages (MΦ), dendritic cells (DC) such as TNF, IL-6, IL-10, IL-15, IL-18. IL, interleukin; CTLA-4, cytotoxic 

T-lymphocyte antigen 4; Ig, immunoglobulin; mAb, monoclonal antibody; TNF, tumor necrosis factor; IFN, interferon. Reprinted

from Best Pract Res Clin Rheumatol, 19, Anolik JH, Aringer M, New treatments for SLE: cell-depleting and anti-cytokine therapies,

page 866, copyright (2005) with permission from Elsevier.
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and diarrhea was the most common side effect
reported (8% of patients).

Another phase II trial confirmed similar ben-
efit and optimal efficacy with a 4 weekly infu-
sions MRA dose of 8 mg/kg in combination with
methotrexate.83 This dose benefit was confirmed
in a 3-month study of 164 RA patients random-
ized to receive MRA 8 mg/kg, 4 mg/kg, or
placebo administered every 4 weeks.84 The ACR
20 responses were 78%, 57%, and 11% in the
respective groups, indicating a dose-dependent
response. The ACR 50 and ACR 70 responses
were also significantly better than placebo in the
8 mg/kg group. Five serious adverse events
were observed, with three in the MRA groups
and the remaining two in the placebo group.
One patient died from Epstein–Barr virus infec-
tion and hemophagocytosis syndrome 61 days
after receiving a single dose of 8 mg/kg MRA.
Of concern, 44% of patients in the MRA groups
had an elevated cholesterol level. Although the
authors commented that no cardiovascular com-
plications were observed, the duration of this
study was too short to determine this. The
results of a recent phase III trial of 125 RA
patients on low dose methotrexate treated with 
8 mg/kg MRA were recently presented.85 At 
24 weeks, ACR 20 responses were higher in the
MRA group compared with placebo (80.3% vs
25%, p < 0.001). Lipid levels were also elevated
but stabilized at upper limit of normal in the
MRA group. Long-term trials are needed to
establish the significance of this aspect, RA
patients are already at increased risk of develop-
ing cardiovascular events.86.

Systemic lupus erythematosus

Evidence from animal models and SLE patients
suggest that IL-6 may play a role in the patho-
genesis of SLE. Anti-dsDNA antibodies can pro-
mote expression of IL-6 in animal models.87

Lupus-prone mice injected with an anti-IL6 mAb
resulted in decreased renal proteinuria and anti-
dsDNA antibody production.88 High serum IL-6
levels are present in patients with SLE and
found to be associated with active disease 
activity in the hematological organ system 
but not other organ systems using the BILAG 
activity index.89 The outcome of a phase I 

open-label trial of MRA in SLE is awaited 
(Figure 41.3 – target 6).

IL-1

Rheumatoid arthritis

IL-1 is a proinflammatory cytokine that is
believed to play an important role in the patho-
genesis of RA. Anakinra is a recombinant
human IL-1 receptor antagonist that is approved
in Europe and United States for use in RA.
Anakinra is efficacious as monotherapy and
when combined with methotrexate in treating
active RA.90 It is capable of slowing radiographic
progression.91 Although there are no head to
head trials comparing these agents, its effects are
perceived to be modest when compared to the
commercially available anti-TNF-α agents. A
higher incidence of infections was observed with
combination anakinra and anti-TNF-α therapy,92

highlighting the concern of combination biologic
therapy. Unfortunately, anakinra has not been
shown to be effective in patients who have failed
anti-TNF-α therapy.93 The outcome of a study
with a high affinity IL-1 receptor antagonist 
(IL-1 TRAP) was also disappointing.94

IL-10

Systemic lupus erythematosus

Targeting IL-10 has been explored as a therapeutic
agent for patients with SLE (Figure 41.3 – target
6). Serum IL-10 is elevated and correlated with
disease activity in lupus subjects.95 A murine
IgG1 anti-IL-10 mAb demonstrated reduction 
of disease activity in an open-label study.96

Treatment was well tolerated. Phase I trials are
anticipated with a human anti-IL-10 mAb.

COMPLEMENT BLOCKADE

Rheumatoid arthritis and systemic lupus
erythematosus

The complement system plays an important role
in the pathogenesis of SLE. Patients with SLE
have decreased levels of circulating complement
related to systemic consumption. In the
MRL/lpr murine SLE model, development of
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experimental lupus can be blocked with a mAb
to C5.97 The immunomodulatory effect of a
humanized C5 mAb (eculizumab) is currently
being investigated in phase I and II trials of
patients with SLE and RA.

CONCLUSION

The next few years will be an exciting time in the
treatment of patients with RA and SLE. It is real-
istic to anticipate that some of the novel thera-
peutic agents reviewed here will be translated to
effective treatments and add to the growing
number of biological therapies available.
Research into newer pharmacological agents in
RA and SLE is ongoing (Tables 41.1 and 41.2).

Future challenges include tailoring therapy
for the individual patient with minimal side

effects and developing cheaper novel therapies
using the advances in biotechnology. It is also
important to ascertain if these new therapies will
improve morbidity and mortality. The design of
future clinical trials will need to explore the 
efficacy of combination biological therapies 
and comparative trials between the various
drugs. Although the ultimate goal of cure in 
RA and SLE seems unrealistic at present, it is
hoped that achieving remission is a realistic 
goal with improved understanding of pathogenic
pathways and availability of new and better 
treatments.
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Table 41.1 New targeted therapies for rheumatoid arthritis

Class of therapy Agent Mechanism of action/target Clinical stage

Cytokines
TNF inhibitors Certolizumab pegol (CDP-870) Human anti-TNF-α antibody fragment Phase III

Golimumab (CNTO 148) Human anti-TNF-α antibody Phase III
Pegsunercept PEGylated soluble TNF receptor type 1 Phase II
ISIS 104838 TNF-α antisense oligonucleotide Phase II

Interleukin-based HuMax-IL-15 IL-15 mAb Phase II
therapies ABT-874 IL-12 mAb Phase II

IL-18bp Recombinant IL-18 binding protein Phase II
(Tadekinig-α)

MRA (tocilizumab) IL-6 mAb Phase III
Interferon cytokines Fontolizumab IFN-γ mAb Phase II
B-cell depletion Rituximab Anti-CD20 chimeric mAb FDA approved

Hu-Max CD20 Anti-CD20 humanized mAb Phase II
Belimumab Anti-BLyS mAb Phase II
TACI-Ig (atacicept) BAFF receptor Phase Ib

Costimulatory molecules Abatacept CTLA-4-Ig fusion protein FDA approved
Complement Eculizumab C5 mAb Phase II
Bone remodeling Zoledronic acid Bisphosphonate Phase II

AMG 162 RANKL mAb Phase II
Small molecules SB-681323 p38 MAPK inhibitor Phase II

p38 inh (4) p38 MAPK inhibitor Phase II
TASKI-1 Syk kinase inhibitor Phase II

Allogeneic HSCT Phase I

TNF, tumor necrosis factor; MAPK, mitogen-activated protein kinase; MAb, monoclonal antibody; IL, interleukin; HSCT, hematopoietic stem
cell transplant; RANKL, receptor activator of NF-κB ligand; Syk, spleen tyrosine kinase; CTLA, cytotoxic T-lymphocyte antigen 4; BAFF, B-cell-
activating factor; Ig, immunoglobulin.
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Targeting B-lymphocyte stimulator 
(BLyS) in immune-based rheumatic
diseases: a therapeutic promise 
waiting to be fulfilled
William Stohl
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INTRODUCTION

Rheumatologists need no reminder that current
treatment options for patients with systemic
immune-based rheumatic diseases are inadequate
and fraught with serious toxicities. Although
many of our patients do respond clinically to
corticosteroids, cytotoxic drugs, and/or tumor
necrosis factor (TNF)-α antagonists, the responses
are almost always sub-total, and complications
from the medications are too often more perni-
cious than the underlying disease itself.

In the summer of 1999, this author was perus-
ing a recent issue of Science and came across an
article that literally made him jump from his
seat. This article focused on a molecule dubbed
BLyS (B-lymphocyte stimulator), a soluble factor
derived from non-T cells (monocytes), and its
potent ability to costimulate B-cell proliferation
in vitro and promote hypergammaglobulinemia
in vivo.1 The exquisite specificity of BLyS binding

to B cells suggested that neutralization of BLyS
might selectively affect B-cell function without
perturbing the function of other cell types 
(lymphoid and non-lymphoid). That is, BLyS
antagonists could be highly safe, yet biologically
potent, weapons in combating the many human
disorders associated with B-cell hyperactivity.
Since publication of that seminal paper in 1999,
considerable (albeit still very incomplete) insight
and knowledge has been gained into the biology
of BLyS, its role in systemic immune-based 
diseases in both mouse and man, and its striking
therapeutic efficacy in murine disease but 
perceived dearth of same in human disease.

GENERAL BIOLOGY OF BLyS

BLyS (also known as BAFF, TALL-1, THANK,
TNFSF13B, and zTNF4) is a 285-amino acid
member of the TNF ligand superfamily and is
expressed as a type II transmembrane protein.1–6
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Cleavage of BLyS by a furin protease from the
cell surface results in release of a soluble, biolog-
ically active 17-kDa molecule.3,7 Like other 
members of the TNF ligand superfamily, soluble
BLyS circulates in trimeric form.3,8 What still
remains uncertain is whether the membrane-
bound form has biological activity, and what
remains highly controversial is whether higher-
order multimers of BLyS exist under physiologic
conditions. Some laboratories have induced
BLyS to assemble into virus-like clusters of 
60 monomers under appropriate in vitro condi-
tions,9–11 but other laboratories have been unsuc-
cessful in coaxing BLyS to assume a multimeric
configuration.12,13 It has been suggested that
multimeric self-assembly of BLyS is an artifac-
tual consequence of the manner in which BLyS is
‘tagged’ for in vitro experimentation,14 although
this notion has itself been challenged.15 Even if
virus-like clusters of BLyS are present systemi-
cally in the circulation or locally in tissues, the
issue of their in vivo biologic activity, if any,
remains an open one.

At least two isoforms of BLyS are expressed.
The full-length BLyS mRNA isoform codes for
the biologically active full-length protein, and
the alternatively spliced ∆BLyS mRNA isoform
codes for a protein with a small peptide 
deletion.16 ∆BLyS does not bind to cells expressing
BLyS receptors and, therefore, has no agonistic
activity. Moreover, ∆BLyS can form biologically
inactive heterotrimers with full-length BLyS,
thereby functioning as a dominant-negative
antagonist of BLyS activity. Indeed, selective over-
expression of the ∆BLyS isoform can result in
functional BLyS neutralization in vivo.17 How
∆BLyS expression is normally regulated and
whether ∆BLyS expression is dysregulated in the
rheumatic diseases are largely unknown.

Our knowledge regarding the regulation of
full-length BLyS expression is only modestly
greater. A polymorphism in the BLyS promoter
region exists at position -871. Monocyte BLyS
mRNA levels are greater in individuals bearing
the -871T polymorphism than in those bearing
the -871C polymorphism,18 and transfectants
with reporter constructs containing the -871T
polymorphism had > 2-fold more luciferase
activity than did transfectants with reporter con-
structs containing the -871C polymorphism.19

The ramifications for this observations with
regard to the rheumatic diseases is uncertain,
inasmuch as no association between systemic
lupus erythematosus (SLE) or rheumatoid
arthritis (RA) with either polymorphism was
appreciated in a Japanese cohort.18

Systemic expression of BLyS is largely
restricted to myeloid lineage cells (monocytes,
dendritic cells, macrophages, neutrophils)1–3,5,7,20

and to bone marrow-derived radiation-resistant
stromal cells.21 In myeloid lineage cells, BLyS
mRNA and protein levels are up-regulated by
interferon (IFN)-γ, interleukin (IL)-10, IFN-α,
CD40 ligand, RANTES, and SDF-1α.7,20,22,23 BLyS
is also expressed to some degree by T cells.3

Although purified SLE peripheral blood T cells
stimulated in vitro with an anti-CD3 monoclonal
antibody (mAb) produce substantial amounts of
BLyS,24 it remains unknown whether T-cell
engagement in vivo can also trigger BLyS 
production by T cells.

BLyS is not expressed by peripheral blood 
B cells, but its expression can be detected in 
several tonsillar B-cell subsets.25 Nuclear CD40
may be playing an important contributory role
in driving BLyS expression in these cells.26

Although any pathogenic ramifications for
CD40-driven BLyS production in systemic rheu-
matic diseases remain purely speculative, the
ability of certain B cells to produce BLyS has
already been suggested as an autocrine pathway
of survival in neoplastic B cells.27–30

In addition to systemic BLyS expression,
BLyS is expressed locally in a tissue-specific
manner. This includes expression of BLyS by
astrocytes in the central nervous system,31 which
may be crucial to survival of virus-specific 
antibody-secreting cells that control viral 
persistence.32 BLyS is also locally expressed by
fibroblast-like synoviocytes in synovial tissue,33

an observation which may be especially 
germane to patients with RA undergoing 
B-cell-depleting therapy with the anti-CD20
mAb rituximab. BLyS produced by fibroblast-
like synoviocytes can blunt the B-cell-depleting
effects of rituximab in the joint and, thereby,
limit the clinical effectiveness of rituximab 
therapy.34 Of note, reactive oxygen species can
augment BLyS expression.35 Thus, in the context
of inflammatory diseases in which B cells 
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contribute to the pathogenic outcome, anti-
inflammatory therapies may not only primarily
attenuate ongoing inflammation but may also
secondarily attenuate BLyS-driven pathology.

BLyS RECEPTORS

The ability of BLyS to exert biological effects on
B cells perforce demonstrates that B cells express
receptors for BLyS. Indeed, three BLyS receptors
(BCMA, TACI, and BAFFR [also called BR3])
have been identified, and their expression is
largely (but not exclusively) limited to B cells.36–39

BLyS binds strongly to B cells and weakly to 
T cells, but not to natural killer (NK) cells or
monocytes.1,40 The vast majority, if not all, of the
BLyS that binds to human peripheral blood 
B cells does so via surface BAFFR and/or TACI,
with little, if any, BLyS binding via BCMA.28

Nevertheless, levels of BCMA mRNA in termi-
nally differentiated plasma cells are much
greater than those in mature B cells,41,42 and 
in vitro-generated human plasmablasts up-regulate
surface BCMA and down-regulate surface
BAFFR and TACI.43 The numbers of antigen-
specific long-lived Ig-secreting cells in the bone
marrow are greatly reduced in BCMA-deficient
mice in comparison with those in BCMA-intact
mice,44 strongly suggesting that engagement of
BCMA by BLyS is biologically consequential.

BIOLOGIC CONSEQUENCES OF BLyS/BLyS
RECEPTOR INTERACTIONS

A complex intracellular signaling scheme is 
triggered following engagement by BLyS of 
its receptors. Several TNF receptor-associated 
factors (TRAFs), including TRAF1, TRAF2,
TRAF3, TRAF5, and TRAF6, interact with one or
more of the three BLyS receptors.40,45–47 Phos-
pholipase C-γ2, NF-κB1, and NF-κB2 are all 
activated,48–51 HSH2 expression is up-regulated,52

nuclear accumulation of PKCδ is prevented,53

CD19 surface expression is enhanced,54,55 and B-cell 
survival is increased.43,51,56–60 Up-regulation of
cyclooxygenase-2, production of prostaglandin
E2, and increased expression of Mcl-1 may be
especially important in BlyS-driven viability and
continued cell cycling of recently stimulated 
B cells.61 Enhanced survival may also, at least in

part, be secondary to BLyS-induced down-
regulation of Bim.62 Indeed, BLyS has little effect
on survival of Bim-deficient B cells.63 Moreover,
BLyS-driven B-cell survival may, in part, be
related to up-regulation of Bcl-2 and/or Bcl-xL,57

given that B cells with enforced overexpression
of Bcl-xL are protected from the premature death
that ensues in the absence of BLyS signaling.64

Moreover, the canonical NF-κB pathway (NF-κB1)
may be especially vital in that its constitutive
activation in B cells obviates the need for 
BLyS/BAFFR interactions in normal B-cell
development.65

In addition to its role as a B-cell survival
factor, BLyS also serves as a B-cell differentiation
factor, promoting the differentiation of imma-
ture B cells to mature B cells, including marginal
zone (MZ) B cells.66,67 Moreover, BLyS promotes
Ig class switching and Ig production by B cells
via engagement of TACI and BAFFR.22,68,69

Accordingly, protracted neutralization of BLyS
could, in principle, adversely affect global
humoral immunity. Whether this concern actu-
ally becomes clinically meaningful remains to be
empirically established.

The effects of BLyS are not limited to ‘conven-
tional’ B2 B cells. Peritoneal B1 (CD5+) B cells
treated in culture with BLyS demonstrate up-
regulation of surface CD21, activation of the
non-canonical NF-κB pathway (NF-κB2), and
enhanced survival. Moreover, in B1 B cells 
triggered by engagement of Toll-like receptors,
BLyS has a costimulatory effect in terms of
expression of activation markers, proliferation,
and cytokine production.70

IN VIVO CONSEQUENCES 
OF BLyS OVEREXPRESSION

Given the ability of BLyS to promote B-cell 
survival and differentiation, it is not surprising
that overexpression of BLyS, either through
exogenous administration of BLyS or endogenous
overproduction, has profound consequences.
Administration of exogenous BLyS to mice at
the time of immunization with antigen enhances
in vivo antigen-specific antibody production.57

Moreover, repeated administration of BLyS to
mice without specific antigenic immunization
results in B-cell expansion and polyclonal 
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hypergammaglobulinemia.1 Increased levels of
BLyS may relax the selection stringency as B cells
mature through the transitional stages, thereby
dampening the elimination of autoreactive 
B cells.71 Thus, not only is some of the increased
Ig production in BLyS-overexpressing mice
likely directed to ambient environmental (foreign)
antigens, but some of the increased Ig produc-
tion is likely directed to self-antigens. Indeed,
constitutive overexpression of BLyS in BLyS-
transgenic (Tg) mice bearing a non-autoim-
mune-prone genetic background (largely derived
from C57BL/6 [B6] mice) often leads to SLE-like
features (elevated circulating titers of multiple
autoantibodies and renal pathology), with 
clinical disease (increased proteinuria) being
manifest by 8 months (but not 5 months) of
age.6,72,73 Although BLyS overexpression may
rescue autoreactive B cells only when the 
proportion of competing (non-autoreactive) B cells
is small,74 the development of autoimmunity in
BLyS-Tg mice (bearing a full Ig repertoire) may
reflect BLyS-driven expansion of autoreactive 
B cells that escape tolerance even without 
BLyS overexpression rather than BLyS-driven
selection of otherwise tolerant autoreactive 
B-cell populations.

In any case, BLyS overexpression also has
striking effects on hosts with an underlying
diathesis to autoimmunity. Congenic autoimmune-
prone B6 mice were generated by introgressing
into B6 mice the Sle1 or Nba2 loci on mouse 
chromosome 1 (derived from NZW and NZB
mice, respectively), each locus being strongly
implicated in the loss of tolerance to nucleoso-
mal autoantigens.75,76 Accordingly, B6.Sle1 mice
and B6.Nba2 mice each have an incomplete
genetic predisposition to development of SLE 
in that they spontaneously develop elevated 
circulating titers of IgG anti-chromatin 
autoantibodies but rarely develop renal 
disease.76–78 Introduction of a BLyS Tg into 
these mice dramatically accelerated develop-
ment of target organ (kidney) pathology.79

Of note, acceleration of clinical disease
(increased proteinuria and/or death) was 
not observed, suggesting that even in an 
autoimmune-prone host, factors beyond just
BLyS overexpression are required for develop-
ment of clinical disease.

Even without ‘artificial’ Tg-driven BLyS 
overexpression, BLyS overexpression is a feature
of murine SLE, in that circulating BLyS levels are
elevated in (NZB × NZW)F1 and MRL-lpr/
lpr mice at the time of disease onset.6 It may be
that BLyS facilitates phenotypic expression 
of a latent SLE diathesis, with greater 
cumulative BLyS exposure leading to greater 
penetrance of the autoimmune phenotype
(Figure 42.1).

Importantly, SLE is not the only phenotype
associated with BLyS overexpression. Although
many BLyS-Tg mice succumb to SLE nephritis
by ~12 months of age, not all do. Of those that do
not, many develop a phenotype resembling
Sjögren’s syndrome, with enlarged salivary
glands, periductal infiltrates, acinar destruction,
and reduced production of saliva.80 BLyS over-
expression is also a feature of inflammatory
arthritis, as evidenced by the up-regulation of
BLyS during the development of collagen-
induced arthritis (CIA).81

IN VIVO CONSEQUENCES OF BLyS/BLyS
RECEPTOR DEFICIENCY

Just as excessive BLyS production leads to pro-
found immune perturbations, so too does BLyS
deficiency. Mice that are genetically BLyS-
deficient display considerable global reductions
in B cells beyond the transitional type 1 (T1)
stage. This includes virtually all mature B2 B
cells (although numbers of peritoneal B1 B cells 
and immature bone marrow B cells remain
nearly intact) and leads to marked reductions 
in baseline serum Ig levels and Ig responses 
to T-cell-dependent and T-cell-independent 
antigens.82,83

Of note, the phenotypes of mice genetically
deficient in individual BLyS receptors are highly
disparate. In two of the cases, the phenotypes do
not resemble that of BLyS-deficient mice at all,
highlighting the non-overlapping functions 
subserved by each BLyS receptor. Immunized
BCMA-deficient mice do not harbor as many
antigen-specific long-lived Ig-secreting cells in
their bone marrow as do BCMA-intact mice,44

although BCMA-deficient mice otherwise
exhibit no discernible phenotypic or functional
abnormalities.83,84
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These BCMA-deficient mice all bore a 
non-autoimmune-prone genetic background,
demonstrating that in a normal (non-autoimmune)
environment, surface expression of BLyS recep-
tors other than BCMA is sufficient to transmit
the requisite BLyS-triggered signals for ‘normal’
B-cell survival and function (at least until terminal
differentiation into plasma cells). Nevertheless,
this by no means excludes a potential patho-
genic role for BLyS/BCMA interactions in the
context of autoimmunity or autoimmune dis-
ease. Engagement of BCMA can trigger B cells to
up-regulate surface expression of costimulatory
molecules which, in turn, enhances the ability of
the B cells to serve as antigen-presenting cells
(APCs).85 The APC function of B cells may be as
important, if not more important, than their
autoantibody-producing capacities in promot-
ing autoimmune disease, as has compellingly
been shown in SLE-prone MRL-lpr/lpr mice.86–88

Thus, it is entirely plausible that BLyS overex-
pression in an autoimmune-prone host drives
increased signaling via BCMA which, in turn,

leads to increased B-cell expression of costimula-
tory molecules and APC function. By therapeu-
tically blocking BLyS/BCMA interactions,
development of disease may be abrogated 
(ameliorated) even in the context of BLyS 
overexpression and even in the context of
increased total numbers of B cells and circulat-
ing Ig (autoantibody) levels.

The phenotype of mice genetically deficient in
TACI, a second BAFF receptor, strikingly differs
from those of either BLyS-deficient or BCMA-
deficient mice. The latter is not surprising, since
in contrast to the up-regulation of B-cell costim-
ulatory molecules and APC function upon
engagement of BCMA, engagement of TACI has
no such effects.85 Strikingly, TACI-deficient mice
harbor increased numbers of B cells rather than
the decreased or normal numbers of B cells
observed in BLyS-deficient or BCMA-deficient
mice, respectively.89,90 As TACI-deficient mice
age, they develop elevated circulating titers of
autoantibodies, Ig deposition in their kidneys
with concomitant glomerulonephritis, and 
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Figure 42.1 Hypothetical relationship between underlying SLE diathesis and cumulative BLyS exposure. A persistent up-regulation

in endogenous BLyS expression may not necessarily lead to clinical disease (SLE). For example, circulating BLyS levels are 

elevated in a large percentage of HIV-infected individuals,147,148 but these subjects do not manifest features of SLE or related

autoimmune disorders. The ability of BLyS overexpression to promote SLE-like disease is likely dependent upon the host’s under-

lying diathesis to SLE, which includes both genetic constitution and environmental exposures. In a host with a high SLE diathesis

(long-dashed line), relatively little BLyS overexpression is necessary to ‘push’ the host over the disease threshold. Such an indi-

vidual is at very high risk for developing SLE during her/his lifetime. In a host with a low SLE diathesis (dotted line), the cumu-

lative BLyS expression required to cross the disease threshold is so high that it is most unlikely ever to be achieved during the

host’s lifetime. In a host with an intermediate SLE diathesis (short-dashed line), an intermediate degree of cumulative BLyS

exposure is needed to develop disease.
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premature death.91 In vitro treatment of normal 
B cells with anti-TACI mAb blocks B-cell
responses to agonists,91 strongly suggesting that
TACI transmits a negative signal to B cells.

Nevertheless, the physiologic function of
TACI cannot be limited to simply transmitting a
negative signal to B cells. TACI-deficient mice,
despite their B-cell expansion and serological
and clinical autoimmunity, manifest impaired Ig
responses to T-cell-independent antigens.89,90

In humans, mutations of the Taci gene are asso-
ciated with common varied immunodeficiency
and IgA deficiency,92,93 strongly suggesting that
the intact (wild-type) TACI molecule plays a
vital role in normal Ig class switching and Ig
production. Subtle differences in the manner by
which TACI is engaged may trigger different
intracellular signaling pathways and result in
divergent phenotypes.

In contrast to BCMA- or TACI-deficient mice,
A/WySnJ mice (which bear a mutated Baffr
gene) and BAFFR-deficient mice display 
deficiencies in mature B-cell number and 
antibody responses qualitatively similar to those
of BLyS-deficient mice.38,39,94,95 When injected
with exogenous BLyS, A/WySnJ and BAFFR-
deficient mice do not undergo splenic B lympho-
cytosis, whereas similarly treated A/J and
BLyS-deficient control mice do.59,95 Moreover, in
bone marrow chimeric mice harboring B cells
that bear the mutated Baffr gene and B cells that
bear the wild-type Baffr gene, the B cells bearing
the mutated Baffr gene have decreased in vivo
survival.59 Taken together, these observations
strongly point to BLyS/BAFFR interactions as
essential for the pro-survival effects of BLyS on
peripheral B cells.

ELIMINATION/NEUTRALIZATION OF BLyS 
IN MURINE DISEASE

Of great importance, the reductions in B-cell
number and function even in BLyS-deficient
mice (and even within the B2 subset) are not
total, and the magnitude of these reductions has
previously been overstated due to concomitant
effects of BLyS deficiency on surface expression
of CD21 and CD23 (markers typically used 
to delineate discrete maturational subsets of 
B cells).96 This incomplete B-cell depletion points

to some BLyS-independent means of B-cell 
survival and function. Although studies in hen
egg lysozyme (HEL)/anti-HEL double-Tg mice
had suggested that survival of autoreactive 
B cells is more dependent upon BLyS than is 
survival of non-autoreactive B cells,97,98 consid-
erable levels of IgG autoantibodies did develop
with age in BLyS-deficient SLE-prone NZM 2328
mice despite the life-long total absence of BLyS.99

This indicated that at least some autoreactive 
B cells survived and differentiated into autoanti-
body-secreting cells via an as yet undefined
BLyS-independent pathway. Ig deposition and
proliferative glomerulonephritis developed in
many of these mice. Nevertheless, clinical
autoimmunity (severe proteinuria, premature
death) was markedly attenuated, suggesting
that in hosts with a strong diathesis to autoim-
mune disease, elimination of BLyS may have a
disproportionately greater effect on clinical 
features of disease than on serological or 
pathological features of the disease.

The clinical response observed in NZM 2328
mice by genetic ablation of BLyS is paralleled by
more standard therapeutic interventions. Both
(NZB × NZW)F1 and MRL-lpr/lpr mice manifest
dramatic clinical responses (decreased disease
progression and improved survival) to treatment
with BLyS antagonists.6,50,100,101 In addition, the
BLyS antagonist TACI-Ig has both preventive
and therapeutic effects in the CIA model of
RA.82,102 Furthermore, the BLyS antagonists
BCMA-Ig and BAFFR-Ig therapeutically amelio-
rate established hyperthyroidism in a murine
model of Graves’ disease.103 Thus, BLyS antago-
nism in the mouse is beneficial in multiple 
rheumatic and autoimmune disease states, sug-
gesting that the clinical potential of BLyS antag-
onism in the human arena may extend to
multiple rheumatic and autoimmune disorders
as well.

CONTRIBUTORY/CONFOUNDING ROLE FOR A
PROLIFERATION-INDUCING LIGAND (APRIL)

A close ‘relative’ of BLyS within the TNF ligand
superfamily is APRIL (also known as TALL-2,
TRDL-1, and TNFSF13A), a 250-amino acid 
protein that binds to two of the three BLyS recep-
tors (BCMA and TACI)104–109 but does not bind 
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to BAFFR.38 Perhaps related to its differential 
ability to bind to BLyS receptors, APRIL can 
costimulate B cells in vitro and in vivo,22,106,107

although it does so with considerably less
potency than that of BLyS.110 In addition to its
binding to BCMA and TACI, APRIL also binds
to heparan sulfate proteoglycans, whereas BLyS
does not.111,112 What ramifications, if any, this
last observation has for B-cell function or, by
extension, for the rheumatic diseases remain to
be established.

Neither complete deficiency of APRIL nor its
constitutive overexpression have dramatic
effects on in vivo biology. APRIL-deficient mice
bearing a non-autoimmune-prone genetic back-
ground have been described as being phenotyp-
ically normal113 or to have selective deficiencies
in circulating IgA levels and IgA responses to
mucosal challenges.114 Similarly, APRIL-Tg
mice, which constitutively overexpress APRIL,
manifest only subtle immunologic abnormalities.115

Most noteworthy, no serologic or clinical
autoimmune features have been appreciated in
such APRIL-overexpressing mice.

Nevertheless, APRIL may play an important
role in modifying the net biologic effects of
BLyS. BLyS and APRIL can form heterotrimers
which are present in the circulation.116 Although
such heterotrimers have BLyS-like biologic
activity in vitro, what, if any, biologic activity
these heterotrimers have in vivo remains 
uncertain. In principle, the biologic activity of
BLyS/APRIL heterotrimers may be greater than,
less than, or equal to that of BLyS homotrimers.
Thus, therapeutic neutralization of APRIL 
concomitant with neutralization of BLyS might
be beneficial, harmful, or neutral in the context
of autoimmunity. This can potentially have 
profound ramifications for the types of BLyS
antagonists chosen for use in the clinic. 
Indeed, differences in various immunologic
parameters were appreciated among SLE-prone
(NZB × NZW)F1 mice depending on whether
they were treated with TACI-Ig or with 
BAFFR-Ig.101 Since TACI binds not only to 
BLyS and APRIL but to certain syndecans 
as well,117 some of the immunologic differences
between TACI-Ig-treated mice and BAFFR-
Ig-treated mice may relate to syndecan-mediated
effects.

Although no information is yet available in
humans with regard to any differential effects of
BLyS-specific antagonists compared to those of
agents which antagonize both BLyS and APRIL,
there is reason to believe that differences
between the two types of antagonists will
emerge. In an observational study of SLE
patients, serum APRIL levels modestly, but 
significantly, inversely correlated with disease
activity and modestly, but significantly,
inversely correlated with serum anti-dsDNA
titers in anti-dsDNA-positive patients. Changes
in serum levels of BLyS and APRIL over time
were usually discordant.118 Although other
interpretations are plausible, one interpretation
is that APRIL is a down-regulator of disease
activity, at least in human SLE, and perhaps
effects such downregulation by complexing to
BLyS as heterotrimers. Empiric experience will
ultimately determine the relative clinical 
efficacies of antagonists specific for BLyS and
those able to antagonize both BLyS and APRIL.

BLyS OVEREXPRESSION IN HUMAN 
RHEUMATIC DISEASES

Overexpression of BLyS in association with
autoimmune disease is not limited to mice but 
is also a feature of several human rheumatic 
diseases. An association between elevated 
circulating BLyS levels and human rheumatic
disease was first noted in SLE, with circulating
BLyS levels being increased in as many as 50% of
SLE patients.119–121 Somewhat surprisingly, a
large longitudinal study showed only modest
correlation between circulating BLyS protein
levels and clinical disease activity.122 However, a
separate study (containing both cross-sectional
and longitudinal elements), despite being 
considerably smaller in size than the first,
demonstrated substantially stronger correlation
between disease activity and BLyS mRNA levels
in blood leukocytes.123 This association between
BLyS overexpression and disease activity in
human SLE supports the premise that BLyS
overexpression not only promotes development
of disease but also actively contributes to the
ongoing maintenance of disease in SLE patients.

The dichotomy between the relatively strong
association between disease activity and BLyS
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overexpression as measured by blood leukocyte
mRNA levels and the weak association between
disease activity and BLyS overexpression as
measured by circulating protein levels likely
reflects the inability of circulating BLyS protein
levels in human SLE to faithfully reflect exces-
sive endogenous BLyS production. There are
several reasons for this. First, some SLE patients
harbor circulating anti-BLyS autoantibodies.123 It
is not yet known whether any of these anti-BLyS
autoantibodies are functionally neutralizing, but
regardless, such autoantibodies could enhance
the clearance of BLyS and/or interfere with 
in vitro detection of BLyS, thereby masking
endogenous BLyS overproduction. Second,
increased urinary excretion of BLyS has been
reported in SLE patients, especially among those
with clinically overt renal involvement,124 so 
urinary loss of BLyS could lead to spurious
reductions in circulating BLyS levels. Third,
freshly isolated SLE B cells, despite intact 
surface expression of BLyS receptors, bind less
biotinylated BLyS ex vivo than do freshly 
isolated normal B cells.125 The most likely 
explanation for this disparity is that BLyS 
receptors on B cells in SLE patients are occupied
by soluble BLyS in vivo. Accordingly, it is likely
that BLyS receptors expressed by SLE B cells
bind BLyS in vivo and remove it from the 
circulation, resulting in a homeostatic pathway
which modulates the effects of BLyS overpro-
duction on circulating BLyS levels.

Elevated circulating BLyS levels are observed
not just in SLE patients but in patients with other
rheumatic diseases as well. Early reports
described elevated circulating BLyS levels in a
substantial fraction of RA patients.119,120

However, it subsequently became apparent that
rheumatoid factor (RF) in the samples could lead
to spurious elevations in the BLyS determina-
tions. Reassuringly, more recent reports using an
assay that minimizes (eliminates) the potential
confounding effects of RF have confirmed ele-
vated circulating BLyS levels in RA, albeit not to
the extent initially believed.123,126 In any case,
BLyS levels in synovial fluid (SF) from RA
patients (and from patients with other inflamma-
tory arthritides) are routinely greater than those
in corresponding serum,127 consistent with local
production of BLyS in the inflamed joints.128

Several reports have focused on BLyS expres-
sion in other rheumatic diseases. Circulating
BLyS levels may be especially high in patients
with Sjögren’s syndrome.55,80,129–131 Elevated 
salivary BLyS levels may importantly contribute
to the periodontal disease that often plagues
these patients,132 and local overexpression of
BLyS in the salivary glands likely contribute to
the pathologic changes.133–135 Salivary gland
biopsies have revealed that the predominant
phenotypes of the B cells in the ectopic germinal
centers are those of T2 and MZ B cells,136

precisely those B cells expected to expand in
response to BLyS overstimulation. Consistent
with this notion is the strong expression of BLyS
localized to the T2 B-cell area.

Elevated circulating BLyS levels are also
found in patients with scleroderma, dermato-
myositis, Wegener’s granulomatosis, or antineu-
trophil cytoplasmic antibody (ANCA)-associated
vasculitis.137–139 In scleroderma patients, skin
thickness correlates with serum BLyS levels, and
local BLyS expression is increased in the skin 
of patients with early diffuse cutaneous 
scleroderma. Moreover, declining serum BLyS
levels over time correlate with regression of skin
sclerosis, whereas increasing serum BLyS 
levels over time correlate with new onset or
worsening of organ involvement.137 These intrigu-
ing correlations notwithstanding, the precise 
pathogenetic connection between circulating
BLyS levels and clinical features in these 
disorders remains to be fully elucidated.

THERAPEUTIC NEUTRALIZATION OF 
BLyS IN HUMAN DISEASE

Although no BLyS antagonist has yet been
approved by the FDA for use in any rheumatic
or non-rheumatic disease, several BLyS antago-
nists have been developed for human use and
have been tested in the context of clinical trials.
Based on the very encouraging experience in
murine SLE and arthritis models, it was (unreal-
istically) anticipated by some that therapeutic
targeting of BLyS in human rheumatic diseases
would have earth-shaking effects on disease
activity. To date, this dream has not been 
realized, but it would be far too premature and
very unwise at this point in time to delete BLyS
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antagonists from the future armamentarium of
the practicing rheumatologist.

The greatest experience to date with BLyS
antagonists has accrued with belimumab, a fully
human anti-BLyS IgG1λ mAb.140 Belimumab
binds and neutralizes BLyS but has no such
activity against APRIL. In a randomized,
double-blind, placebo-controlled phase I trial in
SLE, belimumab was shown to be safe in that the
prevalence of adverse events was no different in
patients treated with belimumab at any tested
dose (1, 4, 10, or 20 mg/kg) than in placebo-
treated patients. Moreover, belimumab was
demonstrated to be biologically active by virtue
of reduction in peripheral blood B-cell counts in
belimumab-treated patients but not in placebo-
treated patients.141 No clinical efficacy was
demonstrated, although the small number of
patients (n = 70) and very short treatment 
schedules (single infusion or two infusions 
3 weeks apart) and follow-up period (12 weeks
after final infusion) likely precluded demonstra-
tion of clinical benefit.

Recently, belimumab was shown to have sta-
tistically significant clinical efficacy in a 24-week,
randomized, double-blind, placebo-controlled
phase II trial in RA.142 In this trial, patients with
active RA (n = 283) were treated with one of
three doses of belimumab (1, 4, or 10 mg/kg) or
placebo at weeks 0, 2, 4, and every 4 weeks
thereafter through 24 weeks. Belimumab or
placebo was added to standard-of-care therapy,
with a major caveat being that the subjects could
not concurrently be receiving biologic therapy
(e.g. TNF antagonists, rituximab). No dose-
dependent clinical response was observed, sug-
gesting that the lowest dose tested exerted the
maximal effect. Among all belimumab-treated
patients, 29% experienced a clinical response
(defined as an ACR 20 response), whereas only
16% of the placebo-treated patients had an 
ACR 20 response. Among the belimumab-
treated patients, peripheral blood B-cell counts
declined by ~20%, and serum RF levels declined
by ~30% (compared with no change in placebo-
treated patients for either).143 At face value, the
low response rate among belimumab-treated
patients was disappointing, but it must be
viewed in the context of the very low response
rate among the placebo-treated patients. 

A near-doubling of the clinical response in the
drug-treated group compared with the rate in
the placebo-treated group is similar to that
reported in a recent rituximab-based trial in 
RA patients.144 In the matter of belimumab 
therapy for RA, the jury must be considered to
still be out.

More recently, a 52-week, randomized,
double-blind, placebo-controlled phase II trial of
belimumab in SLE was concluded.145 In this trial,
patients with active SLE (n = 449) were treated
with belimumab or placebo as in the phase II 
RA trial, except that the double-blind treatment
lasted for 52 weeks rather than for only 
24 weeks. The trial failed to meet its co-primary
endpoints (disease activity at 24 weeks and time
to first flare during the 52 weeks) when consid-
ering the entire SLE cohort. However, reduced
disease activity was demonstrable at 52 weeks
(but not at 24 weeks) in the 71.5% of patients
who were ‘seropositive’ (anti-nuclear antibody
(ANA) titer ≥ 1:80 and/or positive for anti-
dsDNA antibodies) at entry, raising the hope
that belimumab may be clinically efficacious in a
substantial subset of SLE patients. The slow
onset of clinical efficacy may be related to the
persistently increased occupancy by BLyS of
BAFFR on SLE B cells, even at times when 
circulating levels of soluble BLyS are not high.125

For clinical efficacy, BLyS antagonists may not
only have to neutralize circulating BLyS but may
also have overcome the extended tight binding
of BLyS to its receptors. For this reason, BLyS
antagonists may not be ideal agents during the
‘induction’ phase of treatment but may be better
suited for ‘maintenance’ therapy.

Other BLyS antagonists currently undergoing
clinical trials in RA and/or SLE include the
fusion proteins TACI-Ig and BR3-Fc and the
‘peptibody’ AMG 623. TACI-Ig, in contrast to
belimumab or BR3-Fc, binds and neutralizes
both BLyS and APRIL. Thus, its biologic and
clinical effects may substantially differ from
those of belimumab (and BR3-Fc). Results from a
randomized, double-blind, placebo-controlled
phase Ib trial with TACI-Ig in RA (n = 73) have
not yet been presented in a peer-reviewed forum
but were recently reported by press release
(http://www.zymogenetics.com/ir/newsItem.
php?id=802373). According to the press release,
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TACI-Ig was safe and well tolerated. Schedule-
and dose-dependent reductions in circulating
IgM, IgG, IgA, and RF were observed. In the
cohort of 19 patients that received 7 doses of
TACI-Ig over a 3-month period, positive trends
on some disease activity measures (e.g. ACR 20,
DAS 28) were noted.

No clinical trial results are yet available for
BR3-Fc, which specifically binds and neutralizes
BLyS but not APRIL. A phase I trial in RA 
with BR3-Fc completed enrollment in the third
quarter of 2005.

Clinical trial results are also not yet available
for AMG 623, a fusion between the Fc portion 
of IgG and a peptide sequence selected for 
its ability to bind with high affinity to BLyS.
Phase I trials with AMG 623 in RA and SLE are 
ongoing.

BLyS ANTAGONISM AS PART 
OF COMBINATION THERAPY

Although current clinical trials are evaluating
BLyS antagonists as single agents (superim-
posed upon ‘standard-of-care’ therapy), the most
rational utilization of BLyS antagonists may lie in
their combination with other B-cell-depleting
agents (e.g. rituximab). Circulating BLyS levels
are markedly elevated without comparable 
elevation in BLyS mRNA levels in mice geneti-
cally devoid of B cells,97 suggesting that a physical
reduction in B cells (which are the predominant
cells that express BLyS receptors) eliminates a
major clearance pathway for circulating BLyS. If
so, then therapeutic depletion of B cells should
lead to increases in circulating BLyS levels, and
B-cell repletion should be associated with reduc-
tions in circulating BLyS levels.

Recent observations in rituximab-treated RA
patients support this notion.126 Following 
rituximab-induced B-cell depletion, circulating
BLyS levels rise and remain elevated during the
entire duration of peripheral blood B-cell deple-
tion. With return of B cells to the peripheral blood,
circulating BLyS levels decline, and circulating
BLyS levels routinely return to pre-rituximab
baseline levels by the onset of clinical relapse. The
period during which circulating BLyS levels
remain elevated may play a key role in promot-
ing re-emergence of pathogenic autoreactive 

B cells. Accordingly, neutralization of BLyS 
following rituximab-based therapy could delay
the re-emergence of such pathogenic autoreac-
tive B cells and prolong the period of clinical
remission.

Alternatively, initial treatment of patients
with the combination of rituximab and a BLyS
antagonist may lead to a more complete global
B-cell depletion which, in turn, may result in a
more long-lasting clinical remission. Although
anti-CD20 mAb treatment of mice leads to 
profound depletion of peripheral blood B cells,
substantial B-cell populations remain intact in
lymphoid tissues. However, administration of a
BLyS antagonist along with anti-CD20 mAb
results in near-total B-cell depletion, even in 
the lymphoid tissues.146 If the combination of 
anti-CD20 mAb and a BLyS antagonist has 
similar effects in humans, then the more 
complete global B-cell depletion may translate
into more complete and longer-lasting clinical
remissions.

CONCLUDING REMARKS

Despite the great excitement generated by BLyS
antagonism in murine models of SLE and RA, no
widespread excitement has yet been generated
from the experience to date with BLyS antago-
nism in human SLE and RA. Since mice are not
simply small furry humans with tails, it is not
surprising that differences would emerge
between responses to therapy in murine disease
and human disease. Although there may yet be
several bumps along the road, it remains the
contention of this author that BLyS antagonism
will be proven to have an important role in the
management of patients with SLE, RA, and/or
other related rheumatic diseases. With apologies
to William Shakespeare, I come not to bury BLyS
but to praise it.
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INTRODUCTION

The immune system controls a variety of 
physiologic but also pathologic mechanisms.
Consequently, all autoimmune processes have
to be tightly controlled to maintain a healthy 
balance in the body. In order to counteract any
immunological disorders or pathologic events, a
plethora of immune interventions have been 
validated in preclinical studies. Although a
majority showed great promise in animal
models, the data observed in human clinical
trials were more contrasted. The first most
promising drugs were highly unspecific and
induced strong immune suppression.1–3 Immuno-
suppressive agents available until 1978 included
the alkylating agent, cyclophosphomide, the
folic acid antagonist, methotrexate, and in 
addition azothioprine and corticosteroids. They
block cellular division non-specifically. All these
methods produce severe side effects due to their
general cytotoxicity or their inherent lack of
pharmacological specificity. Then, cyclosporin 
A was the first of a new generation of immuno-
suppressive agents with a specific site of action
within the immune system.4 Its action is directed
specifically towards the lymphocyte, at an early
stage of its activation. It has a very low degree of

myelotoxicity, which has made its use in 
clinical transplantation attractive. It suppresses
lymphocyte function without damaging the
phagocytic activity and migratory capacity of
the reticulo-endothelial system. Cyclosporin A
was first used clinically in 1978 and within a
short period of time, the majority of the trans-
plant centers in the world started using it for
transplantation surgeries.5,6

In the mean time, much work has been put
into the design of new therapeutic strategies that
will present lower levels of side effects but will
retain substantial efficacy. One efficient method
to reach this goal was to increase the specificity
of the therapeutic drugs. In 1975 Kohler and
Milstein described a method by which antibodies
could be made in vitro and the monoclonal 
antibody (mAb) era was born.7 Then a major
step was achieved toward the antigen-specific
targeting of the immune system. Despite the
generation of many mAbs against a series of 
surface or intracellular antigens, few of them
underwent clinical evaluations due to a lack of
efficacy or some adverse side effects that would
have been unacceptable in humans. However,
an antibody directed against the CD3 molecule
was found to be particularly successful in 
delaying or treating several immune disorders.
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PHARMACOLOGY OF ANTI-CD3 ANTIBODIES

The CD3 complex is a group of cell surface mol-
ecules found specifically on T lymphocytes (both
on CD4+ and CD8+ T cells) and composed of
three invariant subchains belonging to the
immunoglobulin superfamily, γ, δ, and ε.8 The
CD3 molecule is associated with the T-cell 
antigen receptor (TCR) and functions in the cell
surface expression of TCR and in the signaling
transduction cascade that originates when a
peptide/major histocompatibility complex
(MHC) ligand, displayed by antigen-presenting
cells (APCs), binds to the TCR (Figure 43.1). 
In 1979, Kung and colleagues generated the first
murine mAb directed against the human CD3
molecule, called OKT3.9 OKT3 is a mouse IgG2
mAb that shows potent mitogenic properties on
T cells.10 This property specific to all anti-CD3
antibodies promotes an extensive T-cell prolifer-
ation and cytokine production both in vitro and

in vivo.11–13 This was considered to be one major
side effect observed upon anti-CD3 administra-
tion in vivo. The antibody recipients commonly
suffered from a ‘flu-like’ syndrome associated
with fever, headache, nausea, vomiting, and 
gastrointestinal disturbance. These symptoms
are transient, lasting from 2 to 3 days, and are
due to the ability of the fragment crystallized (Fc)
portion of the mAb to interact with the Fc recep-
tor on monocytes/macrophages inducing a mas-
sive systemic release of both T-helper 1 (TNF-α,
IFN-γ, IL-2) and T-helper 2 (IL-6 and IL-10)
cytokines.14–20 Other side effects, described in
rodents or in humans, are inherent with strong
immunosuppression and consist of partial 
lymphopenia (as long as the antibody is found in
the body), virus infection or reactivation (mainly
cytomegalovirus and Epstein–Barr virus), 
and tumors, but also production of human 
anti-mouse antibodies (HAMAs).21–26 To circum-
vent such adverse effects, the OKT3 mAb was
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Figure 43.1 Anti-CD3 antibody binding sites shown in the context of the immune synapse. OKT3 as well as 145-2C11 anti-CD3

monoclonal antibodies recognize an epitope on the CD3e molecule. APC, antigen-presenting cells; MHC I/II, major histocompat-

ibility complex class I or II; Ag, antigen; TCR, T-cell receptor.
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engineered to avoid binding of the Fc portion to
their receptors, namely CD16, CD32, and CD64
(Table 43.1). For preclinical evaluations a 
hamster anti-mouse CD3 mAb (145-2C11) was
derived by immunizing Armenian hamsters
with a murine cytolytic T-cell clone.27 The anti-
CD3 145-2C11 antibody is also specific for the 
ε chain of the CD3 complex and reacts with all
mature T cells, with the ability to activate or
inhibit certain T-cell functions similar to what
was observed with OKT3.

Recently, the crystal structure of human
CD3ε-γ in complex with a fragment antigen
binding (Fab) of OKT3 has been solved.28

Consequently, the Rossjohn’s group described
that the OKT3 antibody interacts exclusively
with a conformational epitope of the CD3ε sub-
unit and has a low affinity for the isolated CD3ε-γ
heterodimer.

ANTI-CD3 ANTIBODY IN ORGAN
TRANSPLANTATION

In 1985, the results from the first randomized
clinical trial with the murine mAb OKT3 were
published.24 This trial aimed at exploring its
effectiveness in treating T-cell-mediated rejec-
tion of renal allografts. Among the 63 patients,
undergoing acute rejection of cadaveric renal
transplants and treated with daily injections of
OKT3 for 14 days, 93% showed rapid reversal of
allograft rejection with a 1-year graft survival of
62%. In the mean time, 60 patients who received
conventional high dose steroids as immunosup-
pressor demonstrated a reversal rate of 75%,

which was significantly lower than the antibody
therapy. Based on these very promising observa-
tions, in 1984 the US Food and Drug Agency
(FDA) as well as other regulatory authorities
worldwide approved the use of Orthoklone
(OKT3), manufactured by Ortho-Biotech, for
treating acute kidney transplant rejection.
Importantly, this antibody was the first licensed
for therapy in humans. Even though the efficacy
of OKT3 in reversing and preventing acute allo-
graft rejection was reported many times,24,25,29–34

the cytokine release syndrome described above
impaired its value as a therapeutic compound in
humans. Therefore, development of engineered
OKT3 antibodies was an essential milestone in
their clinical application (Table 43.1). A series of
non-Fc-binding anti-CD3 antibodies was devel-
oped and tested clinically in kidney, islet, and
bone marrow transplantation. They all share the
same ability to induce transient lympho-
depletion lasting from a couple of days to a
couple of weeks after treatment has ended.

So far, four phase I/II clinical trials have been
conducted to prevent acute renal allograft rejec-
tion. First, a humanized IgG1 form of OKT3
(hOKT3γ1(Ala-Ala) was mutated in the Fc por-
tion (amino acids 234 and 235 were replaced by
alanines) to avoid binding to Fc receptors.35

Seven patients were treated daily with
hOKT3γ1(Ala-Ala) (from 5 to 10 mg/day) for 
10 consecutive days to achieve serum levels of 
1 µg/ml. Among them five patients showed a
rapid reversal of rejection which was prolonged
over a year without strong side effects. Second,
nine patients received an aglycosylated humanized
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Table 43.1 Engineered anti-CD3 antibodies in clinical trials

Name Antibody Trial Clinical indication References

hOKT3γ1(Ala-Ala) Mutated humanized IgG1 Phase I Kidney transplant 35
Phase I Islet transplantation 40
Phase II Arthritis 69
Phase II/III Type 1 diabetes mellitus 61, 62

Visilizumab (HuM291) Mutated humanized IgG2 Phase I Bone marrow transplantation 38, 41
Phase I Kidney transplant 77

T3/4.A Mouse IgA Phase II Kidney transplant 39
Campath 3 (YTH12.5 Aglycosylated humanized IgG1 Phase I Kidney transplant 36

or ChAglyCD3)
Phase II/III Type 1 diabetes mellitus 68
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IgG1 (campath 3 or ChAglyCD3) for 8 consecutive
days at 8 mg/day.36 None of the patients demon-
strated any antiglobulin response or any signifi-
cant cytokine release syndrome. Almost 78%
showed proof of resolution of their rejection,
although some patients experienced re-rejection.
The third trial was a phase I dose escalation
study performed by using a humanized IgG2
(HuM291 or visilizumab), engineered to have
less mitogenic activity in humans.37,38 A single
dose of 0.015 mg/kg was well tolerated with
only mild to moderate side effects and was 
sufficient to induce T-cell depletion for up to 
1 week post treatment. Lastly, a non-mitogenic
murine IgA antibody (T3/4.A) to human CD3
was tested in a phase II clinical trial.39 Fifteen
patients were enrolled and received an intra-
venous injection with 5 mg per day for 10 con-
secutive days. Most of the patients developed
transient vomiting and/or diarrhea, which coin-
cided with elevated serum levels of proinflam-
matory cytokines. These side effects disappeared
after antibody clearance.

In the field of autoimmune diabetes, one of
the most attractive approaches is transplantation
of insulin-secreting β cells into diabetic patients.
Although islet transplantation protocols have
been improved, clinicians are still seeking
immunomodulating agents that could prolong
graft survival with low adverse events. To reach
this goal, the hOKT3γ1(Ala-Ala) mAb was applied
for 12 consecutive days (4 mg/day), beginning 
2 days before their islet allograft transplants.40

Four of six patients achieved and maintained
insulin independence with normal metabolic
control. The side effects were limited to a tran-
sient rash in one patient and temporary neu-
tropenia in three of them.

Finally, the HuM291 mAb showed great prom-
ise for the treatment of acute graft-versus-host 
disease (GVHD), mediated by donor T cells and
presenting a major barrier to successful
hematopoietic cell transplant. The risk-benefit ratio
was found to be acceptable, with a single-dose reg-
imen of HuM291 of 3 mg/m2 corresponding to a
dosage ranging from 0.5 to 6.15 mg/patient. The
drug was well tolerated and some signs of GVHD
amelioration were observed in a majority of 
recipients.41 Further trials need to be performed to
determine the efficacy of visilizumab in GVDH.

To conclude, engineered anti-CD3 mAbs 
constitute promising tools to prevent acute 
allograft rejection. However, it is worth noting
that all therapeutic protocols cited before were
associated with conventional immunosuppres-
sion. Thus, future improvements in acute allograft
rejection therapies should avoid conventional
immunosuppressive agents. Importantly, anti-
CD3 antibodies were not solely efficient in 
transplantation but showed the unique property
of restoring self-tolerance in the autoimmune
setting.

TOLEROGENIC CAPACITY OF ANTI-CD3
ANTIBODIES IN AUTOIMMUNE DISEASES

Alloimmunity and autoimmunity share a
number of important afferent, effector, and 
regulatory immunological pathways. It is likely
that they also share overlapping specificities that
at least partially explain the ability of allograft
rejection to trigger autoimmune responses, the
increased susceptibility of patients with autoim-
mune diseases to allograft rejection, and a 
strikingly similar histopathologic appearance of
acute and chronic rejection to some organ-
specific autoimmune diseases. Therefore, with
regard to the potent tolerogenic effect of 
anti-CD3 mAbs in alloimmunity, it was highly
relevant to evaluate their effect in autoimmune
settings. Consequently, in the early 1990s, the
group of A.R. Hayward and M. Shreiber
observed for the first time that a single neonatal
injection with anti-CD3 145-2C11 modulates the
T-cell repertoire and stops or delays autoimmu-
nity in non-obese diabetic (NOD) mice, the
genetically predisposed mouse model for type 1
diabetes mellitus (T1DM).42 From this date,
much work has been accomplished to unravel
the mechanisms involved in such a therapeutic
potency and to bring anti-CD3 mAbs closer to
the clinic for autoimmune diseases.

Non-mitogenic anti-CD3 antibodies restore 
self-tolerance in autoimmune diabetes

T1DM is one of the most common autoimmune
diseases, with an estimated yearly incidence that
ranges from 3.7 to 20 per 100 000. During patho-
genesis, autoreactive CD4+ and CD8+ T cells are
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generated and progressively destroy the insulin-
producing pancreatic β cells. A destruction of
approximately 80% of β cells occurs before type 1
patients become symptomatic both in animal
models and in humans. In the past two decades,
immunomodulatory approaches to prevent or
cure T1DM have been developed and tested
with some encouraging results. However, devel-
opment of a cure for T1DM has been particularly
difficult, because insulin injected into the body
as a palliative therapy affords a reasonable life
quality and expectancy. Moreover, the disease
frequently affects young adults and children and
therefore, the ethical window for any treatment
is rather small and long-term side effects have to
be avoided. Thus, the risk-benefit ratio for
potential therapeutic drugs has to be carefully
weighed. Conversely, insulin cannot prevent all
of the late complications of T1DM, and the life
expectancy can be reduced by 10–15 years due to
serious complications including retinopathy,
nephropathy, cardiovascular diseases or 
neuropathy.43 Thus, production of non-mitogenic
anti-CD3 mAbs that are deprived of strong side
effects resurrected the interest of the scientists in
these molecules.

First, the anti-CD3 mAb 145 2C11 was 
engineered as a non-Fc-binding F(ab’)2 for 
preclinical studies. Short-course treatment with
this antibody was shown to reverse diabetes in
hyperglycemic NOD mice.44,45 Therapeutic 
efficacy was related to two striking features.
First, the treatment was most efficient when
administered into already diabetic animals and
injection into prediabetic mice was not effective
in delaying or preventing T1DM. This was
highly unusual since more than 200 treatments
were capable of preventing T1DM but very few
can reverse it after hyperglycemia has occurred.46

Second, in contrast to what was observed with
strong immunosuppressive agents, long-term
immune suppression was not needed to maintain
permanent tolerance to β cell autoantigens. 
A 5-day course of therapy with low dose anti-
CD3 F(ab’)2 was sufficient to cure diabetes after
onset in a majority of mice and hyperglycemia
did not recur over time. It is worth noting that
efficacy of anti-CD3 was not mouse strain-
dependent, since a similar protection after new-
onset diabetes was reported in the transgenic rat

insulin promoter-lymphocytic choriomeningitis
virus (RIP-LCMV) mice, a second model where
T1DM is induced by infection with LCMV.47

In subsequent studies, the group of J.F Bach and
L. Chatenoud shed light on potential mecha-
nisms involved in the anti-diabetogenic effect
observed with anti-CD3 F(ab’)2. They demon-
strated that it induced active tolerance mediated
by regulatory T cells (Tregs) expressing the sur-
face markers CD4 (coreceptor in the immunolog-
ical synapse), CD25 (interleukin-2 receptor: IL-2),
and CD62L (lymphocyte adhesion molecule 1: 
L-selectin). When co-transferred with diabeto-
genic effector T cells into immunocompromised
NOD-SCID mice, these Tregs induced protection
from diabetes.44,45,48–56 Such a strong protective
effect was not observed when CD4+CD25+ T cells
from anti-CD3-protected mice were adoptively
transferred into immunocompetent RIP-LCMV
recipient mice.47,57 These observations raise 
the paramount question whether a systemic
immune modulator such as anti-CD3 acting on
virtually all T cells, and not only on islet-specific
T cells, may expand sufficient number of 
islet-specific Tregs in vivo to induce full protection
when transferred into immunocompetent recipi-
ents. In the mean time, it emphasizes that the
tolerogenic capacity of anti-CD3-specific mAb
involves two phases to be fully functional when
administered into newly diabetic animals.49,50

The first induction phase, lasting approximately
a week after antibody injection ended, is 
associated with a direct action on autoaggressive
effector T cells. The insulitis in anti-CD3-treated
mice is rapidly cleared within 2 or 3 days leading
to normoglycemia. Then, a second phase involving
an expansion of Tregs is mandatory to maintain
permanent tolerance to β cell aAgs. Therefore,
adoptive transfer of anti-CD3-induced Tregs into
immunocompetent mice only mimics the second
phase of the treatment and does not reflect the
full protective capacity of anti-CD3 therapy.
Mechanistically, the transforming growth factor
(TGF)-β secreted by the anti-CD3 expanded
Tregs, but not IL-4, plays a central role in the
restoration of peripheral active tolerance.58

For clinical application, the full humanized
IgG1 with a mutated (hOKT3γ1(Ala-Ala)) or
aglycosylated (ChAglyCD3) Fc region that pre-
vents them from binding to the Fc receptors has
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been developed (Table 43.1).59,60 Based on the
preclinical data from mouse models and the
early pilot studies of hOKT3γ1(Ala-Ala) in
kidney transplantation, the group of J. Bluestone
and K.C Herold initiated a trial in patients 
suffering from recent-onset T1DM.61 A total of
24 patients, between the ages of 7.5 and 30 years,
were enrolled in an open-label control trial and
randomized to each of the study groups: a 
14-day course treatment with the hOKT3γ1(Ala-
Ala) mAb or no mAb. All patients underwent a
mixed meal tolerance test and other immuno-
logic studies every 6 months. Thanks to the
mutations in the Fc region of the mAb, the
adverse events that occurred with drug adminis-
tration were generally mild and included most
commonly rash, fever, and other flu-like symp-
toms but of less severity than those following
administration of OKT3. Therapeutically, over a
24-month period, a single course of treatment
within the first 6 weeks after diagnosis signifi-
cantly preserved the C-peptide response, a
cleavage product from the processing of proin-
sulin to insulin measured to differentiate insulin
produced by the body from insulin injected into
the body as a palliative therapy.62 Improvement
in the C-peptide levels was also accompanied by
amelioration in glucose control reflected by
HbA1c level as well as lower exogenous insulin
requirements. At a cellular level, hOKT3γ1
(Ala-Ala) therapy significantly augmented IL-10
and IL-5 cytokines in the peripheral blood of
responsive patients while IFN-γ and IL-6
cytokine levels were decreased63,64 Phenotypic
studies of peripheral lymphocytes revealed a
higher number of IL-10-expressing CD4+ T cells
after anti-CD3 treatment. These cells were het-
erogeneous but generally CD45RO+ (a memory
marker), CD25+, CD62L–, and expressed CCR4
(CC chemokine receptor 4). More surprisingly,
suppressor CD8+CD25+ Tregs were identified in
clinical responders and expanded after therapy.65–67

These cells were CTLA-4+ (cytotoxic T-lympho-
cyte-associated antigen 4, encoding a receptor
involved in the control of T-cell proliferation and
apoptosis) and Foxp3+ (Forkhead box P3, a tran-
scription-repressor protein), and required
cell–cell contact for inhibition.

In light of the success obtained with the
hOKT3γ1(Ala-Ala) mAb, a European multicenter

trial was conducted with the aglycosylated
ChyAglyCD3 mAb (Table 43.1). Two major 
conclusions can be drawn from the first report
published 18 months after treatment.68 First,
short-term therapy with ChyAglyCD3 mAb pre-
served residual β-cell function in patients with
new-onset type 1 diabetes and showing the
highest β-cell mass at trial entry (C-peptide
levels superior to the 50th percentile). Second,
the adverse side effects observed in the
European trial were more severe than those
reported in the American trial. Administration
with ChAglyCD3 was associated with moderate
flu-like symptoms and transient but generalized
Epstein–Barr viral reactivation. Such activation
of latent virus particles was probably due to an
increase in the anti-CD3 dose, from 28 to 48 mg/
patient in the American and European trials,
respectively, and should be considered in future
clinical applications with any non-Fc-binding
anti-CD3 mAbs.

ANTI-CD3 THERAPY IN RHEUMATOLOGY

Psoriatic arthritis (PsA) is a chronic disease char-
acterized by inflammation of the skin (psoriasis)
and joints (arthritis). PsA is a systemic rheumatic
disease that can also cause inflammation in body
tissues away from the joints other than the skin,
such as in the eyes, heart, lungs, and kidneys. This
pathology shares many features with several
other arthritic conditions, such as ankylosing
spondylitis, reactive arthritis (formerly Reiter’s
syndrome), and arthritis associated with Crohn’s
disease and ulcerative colitis. The efficacy of
hOKT3γ1(Ala-Ala) antibody in PsA was evaluated
in a phase I/II clinical trial.69 Seven patients were
treated with increasing daily doses of anti-CD3
mAb for 12–14 consecutive days. A short-term
decrease of the symptoms (such as inflamed joints
and pain scale) was described in six out of seven
patients. Unfortunately, at day 90 after treat-
ment only two out of six responders had sus-
tained improvement. No patients developed
strong side effects; however, at the highest
hOKT3γ1(Ala-Ala) concentration, mild cytokine
release symptoms associated with elevation of
IL-10 were detected. Such an increase in IL-10
serum levels correlates with the T-helper 
2 cytokine shift observed in type 1 diabetic
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patients treated with similar anti-CD3 mAb.63

A forthcoming phase II clinical trial will 
establish the bona fide efficacy and safety of the
drug in patients suffering from PsA.

Non-mitogenic anti-CD3 antibodies reverse
established experimental autoimmune
encephalomyelitis

Multiple sclerosis (MS) is a chronic, inflammatory
disease that affects the central nervous system
(CNS), mainly the brain and spinal cord. MS is
believed to be an autoimmune disease and
causes a variety of symptoms, including changes
in sensation, visual problems, muscle weakness,
depression, and difficulties with coordination.
In the most severe cases, MS can cause impaired
mobility and disability. The course of the disease
is difficult to predict and varies from patient to
patient. It often combines an acute phase with
several relapsing-remitting phases. There is no
known definitive cure for MS, but several types
of therapy have proven to be helpful. However,
the immunosuppressive drugs that are currently
used for treatment of MS have shown many
adverse side effects. Ideally, the treatment 
will aim at returning function after an attack
within the CNS, preventing new attacks, and
preventing disability.

In 2005, the group of S.D. Miller extended the
therapeutic efficacy of non-mitogenic anti-CD3
by using an experimental autoimmune encepha-
lomyelitis (EAE) animal model for human MS.
Similar to what was described in autoimmune
diabetes, when injected intravenously, the Fc-
altered anti-CD3 mAbs reversed EAE after new
onset.70 However, two striking differences with
the diabetes settings have been found. More
explicitly, although the protection correlated
with an increase in the frequency of CD4+CD25+

T cells, neither anti-CD25 nor anti-TGF-β
antibody treatment abrogated the efficacy. As
recently reported, when administered orally in
different EAE mouse models, anti-CD3 145-2C11
suppressed autoimmune encephalomyelitis by
inducing CD4+CD25–LAP+ T cells that contain
latency-associated peptide (LAP) on their sur-
face, confirming a minor role for CD4+CD25+

Tregs.71 In sharp contrast with the data obtained
with intravenous anti-CD3,70 an in vitro as 

well as in vivo TGF-β-dependent mechanism 
was found to be crucial to mediate permanent
self-tolerance.

CONCLUDING REMARKS

In a quarter of a century, anti-CD3 immunother-
apies became unavoidable due to their inim-
itable efficiency to prevent or delay a variety of
acute allograft rejections and autoimmune 
diseases. Their mode of action possesses two
main features that distinguish them from 
conventional immunosuppressive agents. First,
a short-course treatment with anti-CD3 antibod-
ies often results in a long-term tolerance as
opposed to other compounds that lose efficacy
as soon as the drug is withdrawn from the body.
Second, adverse side effects following anti-CD3
therapy have been drastically diminished by
generating non-Fc-binding antibodies. Despite
major advances in the prevention of acute rejec-
tion in transplantation and in the treatment of
autoimmune diseases, a single course of anti-
CD3 mAb does not induce permanent tolerance
and the patients usually enter a relapsing phase
1–2 years after anti-CD3 administration ended.
Therefore, future immuno-interventions using
anti-CD3 mAb will aim prolong the efficacy
without increasing the side effects. Accordingly,
several combination therapies have been tested
in rodents and are envisioned in humans. 
For instance, short-term therapy with anti-CD3
145-2C11 mAb in combination with a proinsulin
vaccine reversed autoimmune diabetes more
forcefully than the monotherapies alone in two
animal models.57,72 Mechanistically, anti-CD3
mAb creates a temporal window that allows
proinsulin-induced Tregs to develop. These cells
have the capacity to dampen site-specifically
multiple autoaggressive responses by a phenom-
enon called bystander suppression.73 In addition,
anti-CD3 can be administered together with
drugs, such as exendin-4, that will exacerbate β-
cell regeneration after recent onset T1DM.74,75

Lastly, based on the promising data published
after the first clinical trial in PsA, the
hOKT3γ1(Ala-Ala) might be a good candidate
for the treatment of rheumatoid arthritis, an
autoimmune disease that affects approximately
1% of the world’s population when defined by
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either the presence of serum rheumatoid factor
(RF) or erosive changes on radiographs in a
patient with a compatible clinical presentation.76

To conclude, the recent new developments in
anti-CD3 therapy might greatly improve the
management of several immunological disorders
in the near future.
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INTRODUCTION

The treatment of immune-mediated and chronic
inflammatory diseases of the skin usually
involves topical as well as systemic interventions.
Although most of these strategies allow for
effective disease control they are frequently
associated with sometimes severe side effects.
Therefore, there is continuous need for novel
efficient therapies with a favorable safety 
profile. The recent progress in the understanding
of the complex pathomechanisms underlying
chronic inflammation and the major advances in
biotechnology prompted the development of
several novel compounds targeting autoantigen
recognition and autoantibody production,
cytokine function and production, tolerance
induction, and gene transcription.1,2 Among sev-
eral novel therapeutic avenues, the development
of biologic agents (biologics) in particular has
expanded recently. Strategies for biologic ther-
apy are multiple and may consist of mediators
that promote immune deviation, agents that
inhibit the effects of proinflammatory cytokines,
compounds that target pathogenic T cells and
agents that disrupt the antigen-presentation/
T-cell activation.3–5 Although most of these
developments aimed to the improve graft rejec-
tion and the treatment of autoimmune diseases,
more recently several compounds have prima-
rily been developed for the treatment of chronic

inflammatory skin diseases such as psoriasis,
which like rheumatoid arthritis (RA), Crohn’s
disease, and uveitis, is regarded as an immune-
mediated inflammatory disease (IMID).
Accordingly, alefacept (LFA-3TIP) and efal-
izumab (anti-CD11a) have been developed for
the treatment of psoriasis and now are approved
in many countries. This chapter will briefly
review the efficacy and safety of alefacept in the
treatment of psoriasis and related inflammatory
diseases.

MECHANISM OF ACTION

Alefacept is a recombinant fully human fusion
protein where the extracellular CD2 binding
domain of LFA-3 (CD58) has been linked to the
Fc (hinge, CH2 and CH3 domains) portion of
IgG1 leading to functional blockade of the LFA-3/
CD2 pathway.6 LFA-3 is the ligand for human
CD2 and is expressed on many cell types,
including antigen-presenting cells (APCs).7 CD2
primarily has been detected on T cells and natural
killer (NK) cells8 and its expression is up-regulated
on activated or memory effector CD45RO+

T cells.6,9 Binding of CD2 on responder T or 
NK cells to LFA-3 on APCs provides a costimu-
latory signal required for T-cell activation.8 Thus
blocking costimulation by anti-CD2 antibodies
or by the fusion protein alefacept has been
shown to inhibit T-cell activation in vitro as well
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as in vivo.6 Moreover, upon co-engagement of
CD2+ and CD16+ (FcγRIII) alefacept was found to
stimulate CD16+ accessory cells (NK cells,
macrophages) ultimately resulting in selective
granzyme-mediated apoptosis of memory effector
T cells10 (Figure 44.1).

Alefacept is approved in the USA, Canada,
Australia, Argentina, Switzerland, Kuwait, and
Israel for the treatment of psoriasis vulgaris. It is
indicated as monotherapy to treat adult patients
with moderate to severe chronic plaque psoriasis
requiring phototherapy or systemic therapy.
Currently ~15 000 patients with psoriasis have
been treated with alefacept.

EFFICACY IN PSORIASIS

The efficacy of alefacept given as i.v. bolus was
evaluated in a phase 2, multicenter, randomized,
double-blind, placebo-controlled study of 
229 patients with chronic plaque psoriasis.
Patients received 0.025, 0.075, or 0.15 mg/kg ale-
facept or placebo weekly for 12 weeks, followed
by a 12-week follow-up. Two weeks after the last
injection, the mean decrease in the Psoriasis
Area and Severity Index (PASI) score was 38%
vs 53% vs 53% in patients receiving alefacept
(0.025 vs 0.075 vs 0.15 mg/kg), compared with
21% reduction in the placebo group (p < 0.001).
Twelve weeks after treatment with alefacept 
28 patients were clear or almost clear of psoriasis,

indicating that in some patients alefacept treat-
ment may result in a long-lasting remission after
cessation of treatment. In these patients
responses were found to be sustained for a
median of 10 months and there was no evidence
of disease rebound, indicating that alefacept
may function as disease-remitting therapy.11,12

Alefacept reduced peripheral blood CD4+ and
CD8+ memory cells in a dose-dependent fashion
without affecting naive T cells. The decrease in
the number of memory effector T cells was
directly correlated with the clinical response.12

Repeated courses of i.v. alefacept in patients 
previously treated in phase 2 trials did not result
in cumulative effects on memory T cells and
were at least as effective as the initial course.13

Moreover, in patients who achieved a major
PASI improvement a significant decrease in the
Dermatology Life Quality Index (DLQI) was
noted.14

In a phase 3 study 553 patients with chronic
plaque psoriasis were randomized to two 
12-week courses of alefacept (7.5 mg i.v. weekly)
or placebo, and a 12-week follow-up phase after
each course. Patients received either two courses
of alefacept (cohort 1) or alefacept for the first
and placebo for the second course (cohort 2) or
placebo for the first and alefacept for the second
course (cohort 3). A PASI 75 (≤ 75% reduction in
PASI score) was achieved in 28% of the patients
who received one course of alefacept and in 
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Figure 44.1 The LFA3/IgG1 fusion protein alefacept blocks LFA3/CD2-mediated costimulation of CD4+ memory T cells. However,

upon co-engagement of CD2 and FcγRIII (CD16) on accessory cells (NK cells, macrophages) alefacept induces selective apop-

tosis of memory effector T cells.
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8% of the placebo-treated patients (p < 0.001).
Those patients who received a single course of
alefacept and accomplished PASI 75 during or
after the first course maintained PASI 50 for
more than 7 months. Moreover, in these patients
the second course of alefacept even augmented
the efficacy. Accordingly, the overall response
rate in patients who received two courses of 
alefacept demonstrated that 40% reached a PASI
75 and 71% a PASI 50.15,16 Similar to the previous
study,12 a correlation of clinical improvement
with reduction of memory effector T-cell counts
was observed. In the majority of patients (~90%)
CD4+ counts were at or greater than the lower
limit (> 250 cells/µl).17 Alefacept was well toler-
ated and did not result in antibody formation.
However, the incidence of chills occurring
within the 24 hours after the first few days was
higher in the alefacept groups.16 In patients who
received alefacept and achieved PASI 75 or PASI
50 a significant decrease in the DLQI was
observed.18

In an open-label parallel study in healthy 
volunteers comparing an i.m. and an i.v. formu-
lation of alefacept, both preparations had a 
half-life of approximately 12 days and exhibited
a comparable safety profile. In comparison to the
i.v. formulation, the bioavailability of the i.m.
preparation was around 50%.19 Therefore in
most of the subsequent clinical trials alefacept 
15 mg i.m. weekly was used and this is the only
formulation available today.

To examine the efficacy and safety of alefacept
applied i.m., a randomized, double-blind,
placebo-controlled phase 3 trial was performed
in 507 patients with chronic plaque psoriasis.
Patients were randomized to 10 mg of alefacept,
15 mg of alefacept or placebo administered i.m.
once weekly. A dose-dependent significant
improvement of the PASI score was observed in
patients receiving alefacept. A PASI 75 was
reached by 33% of patients in the 15 mg group,
28% of patients in the 10 mg group, and 13% of
the placebo-treated patients.20 In many patients
the maximum PASI reduction was observed 
6 weeks after finishing treatment.21 Most of the
patients who received a single course of 15 mg
alefacept and achieved PASI 75 maintained at least
PASI 50 for 7 months.22 Moreover, a significant
improvement in DLQI was observed in patients

responding to treatment, with the most significant
amelioration occurring in those patients of the 
15 mg group who achieved PASI 75.23 As has
been reported for i.v. application, alefacept
given i.m. reduced the number of circulating
effector memory T cells without affecting naïve
T cells. A correlation between the reduction of
CD4+ T-cell counts and clinical response was
also observed. Irrespective of the dose, total 
lymphocyte as well as CD4+ T-cell counts
returned to normal at 12 weeks after treatment
in > 90% of the patients. No opportunistic 
infections and no cases of disease rebound have
been reported.24

To improve the efficacy of alefacept the 
clinical outcome of multiple or extended courses
was investigated. Accordingly, upon repeated
courses of alefacept either 7.5 or 15 mg i.m. a
continuous increase in the clinical improvement
was observed even in patients who did not have a
strong response with the first course of therapy.25

In another study, one extended course of 
alefacept 15 mg i.m. administered weekly for 
16 weeks appeared to have additional efficacy in
some patients with a similar safety profile as
observed in the 12-week dosing.26 Recent studies
have addressed the question whether high dose
alefacept 30 mg weekly for 12 weeks would
improve its efficacy. There appears to be no
advantage for patients with psoriasis receiving a
higher dose of alefacept.27 The efficacy of 
alefacept was further evaluated in a subpopula-
tion of patients with a history of systemic therapy
such as methotrexate, retinoids, and cyclosporin A
or phototherapy being ineffective or inappropri-
ate. The results of this study indicate that 
alefacept is equally effective and safe in this 
difficult-to-treat group of patients as for the
overall treated population in phase 3 clinical
trials.28 In a recent study the subcutaneous (s.c.)
application of alefacept was compared to i.m.
administration. Concerning pharmacodynamic
profiles, efficacy, tolerability, and safety, no
important difference between the two routes of
administration has been observed. Thus because
it is easier to use and less painful on injection s.c.
application of alefacept may offer a certain
advantage in certain patients.29

Recently alefacept 15 mg i.m. weekly for 
12 weeks was investigated for its efficacy in the
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treatment of nail psoriasis in 15 and 6 patients,
respectively, in two small open-label case 
studies. After a follow-up of 6 or 12 weeks an
improvement of nail disease in several but not
all patients was observed. Therefore, further
controlled clinical trials are required to determine
the value of alefacept for the treatment of psori-
atic nails.30,31 Alefacept also has been reported to
achieve a significant improvement in patients
with extensive and recalcitrant palmoplantar
psoriasis.32,33 In a recent open-label study 
15 patients with palmoplantar psoriasis were
treated with alefacept i.m. 15 mg weekly. The
dose was increased if no noticeable response
was observed after 8 weeks. These preliminary
results indicate that alefacept may offer an 
effective alternative for the treatment of 
recalcitrant palmoplantar psoriasis.33

Alefacept monotherapy usually has a slow
onset of action and the overall response rate of
approximately 30% of patients reaching PASI 75
after one 12-week course may increase to
approximately 40% with subsequent courses.
Differences in the mechanism of action as well as
the lack of carcinogenicity, hepatotoxicity, and
nephrotoxicity suggest a potential additive
advantage when alefacept is combined with 
topical, systemic or UV therapies currently used
for the treatment of psoriasis. This promising
possibility has been approached by several 
clinical trials and case studies.

Topical corticosteroids and vitamin D prepa-
rations are effective standard therapies for the
treatment of psoriatic plaques. Therefore, in one
randomized, double-blind, placebo-controlled
study in patients with psoriasis the efficacy of
combining alefacept with a topical corticosteroid
was investigated. The additional use of betame-
thasone dipropionate cream for 4 weeks did not
increase the overall clinical efficacy of alefacept
i.m. 15 mg weekly for 12 weeks.34 The effect of 
topical calcipotriol and alefacept was investigated
in seven patients with psoriasis. The additive
application of calcipotriol to alefacept (15 mg
weekly) caused a more rapid clinical response but
did not improve the overall clinical efficacy nor
additionally stabilize the expression of markers of
proliferation and differentiation on keratinocytes.35

The combination of alefacept and UVB 
phototherapy, a commonly used treatment for

moderate and severe psoriasis, was evaluated in
a two center open-label study in patients with
chronic plaque psoriasis. In each center 
30 patients were enrolled and either treated with
alefacept (15 mg i.m. weekly for 12 weeks) or
alefacept plus 6 weeks of UVB or alefacept plus
12 weeks of UVB. Patients were treated 
approximately three times per week with either
broadband UVB (BB UVB) or narrowband UVB
(311 nm, NB UVB). Both BB UVB and NB UVB
provided a more rapid onset of clinical improve-
ment compared with alefacept monotherapy.
Twelve weeks of UVB did not result in an 
additional benefit over 6 weeks of UVB 
phototherapy. Alefacept alone and in combination
with either of the UVB regimens was well tolerated
and the mean CD4+ T-cell counts remained
above the lower limit of normal. Therefore, 
alefacept in combination with UVB phototherapy
is effective and safe, resulting in an accelerated
clinical response without significantly amelio-
rating the overall outcome.36,37 However, the
efficacy of alefacept plus UVB was not compared
to that of UVB monotherapy in any of these
studies. Moreover, at present there are no data
available on the combination of alefacept and
photochemotherapy (PUVA).

There is recent evidence of an additive benefit
when alefacept is combined with systemic
retinoids. Accordingly, an improvement of the
clinical response with no additional safety 
concerns has been reported.38 Other possible
combinations which are currently being evalu-
ated include methotrexate and cyclosporine.39

Because of the favorable safety profile of 
alefacept, transition of patients with moderate to
severe from treatments such as methotrexate or
cyclosporine frequently may be necessary.
According to preliminary data, in most of these
patients transition off either methotrexate or
cyclosporine onto alefacept within 10–12 weeks
was successful, with maintenance or improvement
of the PASI score and no evidence of additional
toxicity.40

The combination of alefacept with etanercept
in patients with plaque psoriasis was evaluated
in a series of three case reports. All patients
experienced an improvement of their psoriatic
arthritis upon monotherapy with etanercept 
(50 mg once or twice weekly) but skin involvement
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failed to respond even after several months of
treatment. The addition of alefacept 15 mg i.m.
weekly for 12 weeks resulted in a significant
improvement of psoriatic skin disease, which
was maintained for at least 8 weeks after 
completing alefacept. The combination was well
tolerated, no adverse events or infections were
observed and CD4+ T-cell counts remained
above normal limits. Although these results
indicate that the combined use of biologics 
targeting different pathways may improve the
efficacy this remains to be proven in larger 
controlled clinical trials.

PSORIATIC ARTHRITIS AND 
RHEUMATOID ARTHRITIS

A few clinical trials have addressed the question
whether alefacept is an effective and safe treat-
ment of psoriatic arthritis (PsA) or RA. In one
first open-label explorative study 11 patients
with active PsA received alefacept monotherapy
(7.5 mg i.v.) weekly for 12 weeks with a 4-week
follow-up period. A gradual decrease in disease
activity with a sustained improvement during
the follow-up phase was observed in most of the
patients. Moreover, the clinical improvement
was related to the reduction of circulating
CD45RO+ T cells and a decrease in infiltrating 
T cells and macrophages has been demonstrated
in synovial tissue. Thus alefacept apparently is
able to affect synovial tissue and to down-
regulate joint inflammation.41 In a more recent
randomized, double-blind, placebo-controlled
study alefacept was evaluated in combination
with methotrexate for the treatment of PsA. In
this study 185 patients with three or more tender
and swollen joints who had been on a stable
dose of methotrexate (10–25 mg weekly) for 
at least 3 months were randomized to receive
either alefacept 15 mg i.m. plus methotrexate 
(n = 123) or placebo plus methotrexate (n = 62).
Alefacept or placebo was administered once
weekly with a follow-up period of 12 weeks.
Responders were regarded as those patients
reaching a 20% improvement in disease activity
according to the American College of
Rheumatology criteria (ACR 20) at week 24.
Using this as primary endpoint, 54% of patients
in the alefacept group and 23% of patients in the

placebo group achieved ACR 20. The number of
adverse events in both groups was comparable
and no opportunistic infections or malignancies
have been reported. Again this study strongly
supports an additive efficacy and a favorable
safety profile for alefacept in the treatment of
PsA.42 In a pilot study the efficacy of alefacept in
combination with methotrexate was evaluated
in 36 patients with RA. Patients received 
alefacept 7.5 mg i.v., alefacept 3.75 mg i.v. or
placebo weekly for 12 weeks followed by a 
12-week follow-up. At week 24, 58% of patients
receiving alefacept 3.75 mg and 25% of patients
receiving alefacept 7.5 mg versus 17% obtaining
placebo achieved an ACR 20. Alefacept in 
combination with methotrexate was safe, well
tolerated, and selectively reduced the number of
circulating CD4+ and CD8+ T cells.43 Alefacept
therefore appears to be an effective alternative
option for the treatment of RA with the optimal
dose and regimen to be determined in future
studies.

OTHER T-CELL-MEDIATED DISEASES

The efficacy of alefacept is currently being 
investigated in an increasing number of
immune-mediated diseases characterized by 
T-cell infiltration in which conventional treat-
ment was not successful. A significant clinical
response to a single course of alefacept (15 mg
i.m. weekly for 12 weeks) has been reported in
two patients with recalcitrant lichen planus. 
The rapid onset of action was notable, with a
remarkable improvement already after 4 weeks
of treatment.44 There is also some evidence 
indicating that alefacept may be useful to treat
alopecia areata. In four patients with alopecia
areata totalis a partial improvement with a 
12-week course with alefacept 15 mg i.m. has
been reported.45 According to case reports 
alefacept may also be used successfully for the
treatment of pyoderma gangrenosum and
severe recalcitrant contact dermatitis.46,47

Furthermore, alefacept appears to have beneficial
effects in controlling steroid-resistant acute
graft-versus-host disease (GVHD). In one trial
seven patients received either 30 mg (adults) or
15 mg alefacept twice weekly. A rapid response
to alefacept was observed within days even in
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grade 4 GVHD, especially in skin involvement,
without evidence of alefacept-related adverse
events.48

SAFETY

The safety profile of alefacept is very good even
in patients who have received several courses. In
general alefacept was well tolerated, with 
some mild adverse events that did not require
discontinuation of treatment. The only adverse
event which occurred more frequently in 
comparison to placebo after initiating the first
course and tended to disappear during later
courses was chills.16,20 Even in individuals with a
higher risk, such as elderly (≥ 65 years), obese or
diabetic patients, no increase in the incidence of
adverse events was observed.49 There was no
evidence for an increased risk of opportunistic,
mycobacterial or viral infections and no
increased incidence of malignancies including
skin cancer in patients receiving alefacept.13,16,50

Moreover, no relation between low CD4+ T-cell
counts and the overall risk of infections has been
reported. Since a reduction of CD4+ and CD8+

T-cell counts usually occurs during alefacept
treatment, peripheral CD4+ T-cell counts should
be monitored before initiating therapy and
weekly during the alefacept course. Treatment
has to be stopped if CD4+ T-cell counts drop
below 250 cells/µl and alefacept has to be 
discontinued in the case of CD4+ T-cell counts
remaining low for 1 month. Usually T-cell
counts return to normal limits with the termina-
tion of alefacept therapy.16 The safety of less 
frequent monitoring of T-cell counts is currently
being investigated. Because of the fully human
composition of alefacept the incidence of antibod-
ies to this biologic was observed only very rarely
and there was no evidence for an association 
with the clinical response or hypersensitivity
reactions.16,20 In one study the effect of alefacept
on T-cell-dependent humoral immune responses
was investigated. Accordingly, alefacept did not
impair the primary immune response to neoanti-
gens nor the secondary immune response to
recall antigens.51 Thus it seems to be very
unlikely that the immune response to microbial
or tumor antigens is impaired during alefacept
treatment.

According to the safety databases that have
been established for alefacept, no currently
unknown adverse events have been reported.
Moreover, there is no evidence of rebound after
discontinuation of alefacept. On the contrary,
those patients achieving a significant clinical
response continued to improve after the usual
12-week alefacept course.16,20

CONCLUSION

Alefacept was the first biologic to be developed
and approved for the treatment of moderate to
severe psoriasis. According to clinical studies
alefacept has a favorable safety profile and
monotherapy is effective, with approximately
50% of the patients achieving PASI 50 and 30%
achieving PASI 75. Combination of alefacept
with conventional antipsoriatic therapies such as
phototherapy, retinoids, methotrexate or
cyclosporin is safe and may increase the efficacy
of either treatment. In addition, transition off
immunosuppressive drugs such as methotrexate
or cyclosporine onto alefacept maintained or
improved the clinical response with no evidence
of additional toxicity. Thus alefacept is a valu-
able and promising new addition which con-
tributes substantially to treatment of psoriasis.
Further trials are still required to improve
dosing and combination strategies with ale-
facept and to perhaps identify a subgroup of
patients which is most likely to respond to ale-
facept. The first promising results in patients
with PsA and RA have to be evaluated in further
clinical trials. Finally the efficacy of alefacept for
the treatment of other T-cell-mediated diseases
needs to be explored.
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INTRODUCTION

There is considerable interest in understanding
those mechanisms whereby innate and acquired
immune responses interact in the context of
chronic inflammation. In rheumatoid arthritis
(RA) patients, the synovial membrane exhibits
features suggesting that components of both
compartments of the immune response are of
functional importance.1,2 A broad range of cells
within inflamed synovium express relevant
cytokine activities including macrophages, den-
dritic cells (DCs), synovial fibroblasts, mast cells,
neutrophils, and T cells.3,4 Interleukin-15 (IL-15)
is a cytokine with quaternary structural similar-
ities to IL-2,5–7 that is produced primarily by
macrophages and DCs. It exhibits inflammatory
activities commensurate with the known patho-
genesis of a number of chronic inflammatory
disorders. In this chapter we will review evidence
that indicates that IL-15 represents an intriguing
therapeutic target. Clinical data are most
advanced in inflammatory arthritis and will be
given priority in this discussion.

IL-15 EXPRESSION IN INFLAMMATORY
ARTHRITIS

The pleiotropic effects of IL-15 described in
Chapter 14 clearly render it a candidate cytokine
in the pathogenesis of inflammatory arthritis. 

IL-15 mRNA and protein have been detected in
RA synovial membrane by a number of investi-
gators. IL-15 mRNA levels are present at higher
levels in RA compared with reactive arthritis
synovial biopsies.8 Although cautious interpre-
tation of mRNA data is required it is of interest
that levels are higher in patients before com-
mencement of immune suppressive therapy.
Several ELISAs are now available, all of which
detect IL-15 in around 60% of RA, but not
osteoarthritis synovial fluids. Levels correlate
directly with tumor necrosis factor (TNF)-α and
remain after removal of rheumatoid factor, which
likely interfered with earlier efforts to quantify IL-
15, leading to overestimation of the concentra-
tions present. Concentrations present are similar
to levels of TNF-α or IL-12 detected in parallel
assays,9 but are lower than other monokines, e.g.
IL-6, IL-18. These observations have recently been
confirmed.10–13 IL-15 has also been measured in
RA synovial fluids using soluble IL-15Rα chain in
a novel receptor capture assay,9 in which IL-15
levels in RA synovial fluids correlate closely with
those detected by ELISA. Moreover, recombinant
soluble IL-15Rα interferes with the detection of
IL-15 by ELISA (our unpublished observations).
We have also detected IL-15 in synovial fluids
derived from patients with psoriatic arthritis 
(H Wilson et al, unpublished observations), 
suggesting that IL-15 may be present in a 
broad range of inflammatory arthropathies.
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Moreover, Raza and colleagues14 examined very
early arthritis patients using synovial lavage and
observed high levels of IL-15 expression in those
that subsequently met criteria for RA, suggest-
ing that this cytokine may have an important
early role commensurate with its activities in
innate immune function.

Low levels of IL-15 are also present in sera of
up to 40% of RA patients, although variable levels
have been reported in distinct populations.15–19

Serum IL-15 expression does not correlate with
disease subsets thus far recognized. Whereas RA
serum TNF-α levels correlate with the presence
of germinal centers in parallel synovial biopsies,
IL-15 levels were elevated in patents in whom
either germinal centers or diffuse lymphocytic
infiltrative patterns were observed.16 IL-15 
has also been detected in rheumatoid pleural
effusions.20 Circulating T cells in RA patients
have also been reported to express IL-15, where
its presence together with RANKL has been
linked to osteoclast activation.21

IL-15 expression in inflamed synovium is
found in lining layer macrophages, together
with synovial fibroblasts and endothelial
cells.22–24 Synovial T cells have also been
reported to express membrane IL-15.21,23 The 
distribution of IL-15 is similar in psoriatic (PsA)
and reactive arthritis (ReA) synovial membranes
but expression is at reduced levels as compared
with RA.23,25 Of interest, both PsA and ReA 
synovium contain IL-2, with which IL-15 may
exhibit counter-regulatory activities. IL-15
expression has also recently been detected in
synovial membrane derived from juvenile RA
patients,26 associated with IL-18, IL-12, and
interferon (IFN)-γ expression.

Spontaneous production of IL-15 by primary
RA synovial membrane cultures and by isolated
synovial fibroblasts is reported.10,27 Such release
is sensitive to cyclosporin (and FK-506) tractable
pathway operating through cAMP.27 In similar
studies, we have observed up-regulation of 
IL-15 mRNA and intracellular IL-15 protein
expression in purified synovial fibroblasts,
although we have been unable to consistently
detect IL-15 secretion thus far. In long-term 
cultures of mixed synovial tissues, outgrowth of
tissues was found to be dependent upon the
presence of T cells that in turn lead to local

release of IL-15, IL-17, and fibroblast growth
factor (FGF)-1.28 Nevertheless, it has proven 
difficult to consistently achieve IL-15 secretion in
in vitro systems and studies characterizing the
regulation of intracellular processing events
leading to long signal peptide (LSP)-IL-15 
production in synovial membrane are urgently
required, as is formal comparison of LSP and
SSP (short signal peptide) isoform expression.29

Factors that in turn drive synovial IL-15
expression are unclear. We have recently identified
that activated T cells can induce IL-15 expression
in macrophages via cognate interactions.
Exposure of synovial fibroblasts to TNF-α or 
IL-1β also induces high levels of IL-15 expression,
although we have rarely detected this in
secreted form. Recent studies in dermal fibrob-
lasts similarly demonstrated that TNF-α but not
IFN-γ induces membrane expression of IL-15
that in turn can sustain T-cell growth.30 A further
pathway promoting IL-15 production has been
suggested in studies of synovial embryonic
growth factor expression. Overexpression of the
wingless (Wnt)5 and frizzled (Fz)5 ligand pair is
associated with increased production and secre-
tion of IL-15 by RA synovial fibroblasts, together
with IL-6 and IL-8.31 Furthermore, suppression
of Wnt5 or Fz5 using antisense, dominant negative
mutants or neutralizing antibodies led to reduction
in IL-15 expression.32 Thus a variety of stimuli
including cellular feedback loops may promote
IL-15 release in synovium (Figure 45.1). In con-
trast PGE2 has been reported to inhibit IL-15
release in fibroblast cultures.33

Genetic evidence for IL-15 involvement in
disease susceptibility or severity is thus far
unconvincing. Polymorphisms in the IL-15 gene
have been associated with juvenile idiopathic
arthritis in small studies.34 However, larger
studies in RA are awaited and as such no firm
conclusions can be reached yet. The role of 
promoter variation in regulating IL-15 expression
and function is lacking thus far.

BIOACTIVITIES OF IL-15 RELEVANT TO
INFLAMMATORY ARTHRITIS

The biologic effects of IL-15 in the context of
tissue pathology have been discussed elsewhere
(Chapter 14). These key properties are described
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in Table 45.1. IL-15 mediates proinflammatory
activities potentially via a broad variety of 
effector pathways. Thus IL-15 activates synovial
T cells and natural killer (NK) cells to directly
secrete cytokines.35,36 More importantly, it pro-
motes and maintains a membrane phenotype,
consisting of elevated CD69, LFA–1, CD40L, and
perhaps cytokine (e.g. IFN-γ) expression, that
promotes membrane–membrane interactions
with adjacent macrophages and fibroblasts. This
in turn provides a major route to macrophage
cytokine release that is clearly central to RA
pathogenesis, but also to release of matrix metal-
loproteinases that can promote cartilage degra-
dation. Many chemokine activities have been
detected in RA synovial membrane.37,38 IL-15
represents part of this chemokinetic activity, in
combination with at least IL-8, monocyte
chemoattractant 1 (MCP-1), and macrophage
inflammatory protein (MIP)-1α.22,39 IL-15 also
up-regulates chemokine receptors and induces
redistribution of adhesion molecules, including
intracellular adhesion molecule (ICAM)-1–3,
CD43, and CD44, to uropods to further facilitate
migration.40,41 Finally, although numerous 
pathways provide for longevity of T cells in the
synovial compartment including interactions
with the extracellular matrix and adjacent
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Figure 45.1 Data support a role for IL-15 in synovial inflammation through T-cell/macrophage interactions, T-cell cytokine release 

(IL-17), direct effects on neutrophil activation, and fibroblast activation. Synergy with other proinflammatory cytokines including IL-12

and IL-18 is necessary for optimal responses. Potential effects on dendritic cells and endothelial cell function remain to be explored.

TNF-α
IL-1β

IL-10
IL-1Ra

macrophage

IL-17

Cell contact

T1 cell

Antigen

?

FLS

IL-15IL-15

B cell

Neutrophil

Degranulation
Adhesion molecule

Enzyme release
ROI

Immunoglobulin production
Isotype switching

Cytokine combinations
e.g. IL-1, TNF, IL-6

Reduced apoptosis

Table 45.1 Biologic effects of IL-15

Cell type Key effects

T lymphocyte ● Activation/proliferation
● Cytokine production Th/c1 and Th/c2
● Cytotoxicity
● Chemokinesis
● Cytoskeletal rearrangement
● Adhesion molecule expression
● Reduced apoptosis

B lymphocyte ● Ig production
● Proliferation

NK cell ● Cytotoxicity
● Cytokine production
● Reduced apoptosis
● Lineage development

Macrophage ● Dose-dependent effect on activation
● Membrane expression –costimulation

Osteoclast ● Maturation
● Calcitonin receptor

Dendritic cell ● Maturation
● Activation

Neutrophil ● Activation
● Cytoskeletal rearrangement
● Cytokine release
● Reduced apoptosis

Fibroblast ● Reduced apoptosis
● Cytokine release

9781841844848-Ch45  8/9/07  3:46 PM  Page 563



inflammatory leukocyte populations, IL-15 may
also contribute via amplification of anti-apoptotic
intracellular signaling pathways. In this respect,
however, IL-15 appears less important for T cells
than IFNs present in low nanogram concentra-
tions in synovium.42

IL-15 activity beyond lymphocyte subsets is
also likely of importance. Neutrophils can be 
activated by IL-15,43,44 and those derived from RA
tissues may exhibit enhanced responsiveness
compared with normal controls.45 IL-15 enhances
endothelial and fibroblast cell survival46 and can
enhance MMP release. This in turn promotes
angiogenesis. It promotes osteoclastogenesis in
synergy with RANKL via secretory and cell con-
tact-mediated pathways.21 A pathway of particular
importance may be via activation of mast cells to
release cytokines and serine protease enzymes
capable in turn of promoting tissue damage and
amplification of inflammation. Finally, IL-15 has
been linked to hypernociception mediated via an
IFN-γ-, endothelin (ET)-1-, PGE2-dependent path-
way.47 In summary, these activities render IL-15 a
candidate target in a variety of chronic inflamma-
tory diseases and RA in particular (Figure 45.1).

STRATEGIES TO TARGET IL-15 IN VIVO

The complexities of IL-15 physiology pose con-
siderable difficulties in determining what should
be the optimal therapeutic strategy. Thus far
three protein-based approaches have been con-
sidered, i.e. use of (i) neutralizing antibodies
directed against either IL-15 or its receptor sub-
components, (ii) soluble IL-15Rα, and (iii)
mutated IL-15 species, usually generated as
fusion proteins. A further approach is to utilize
small molecule signal pathway inhibitors aimed
particularly at JAK/STAT pathways subserving
IL-15-function. These are not yet specific to IL-15-
mediated function but inhibit several common 
γ chain receptor-mediated events. Several studies
utilizing these diverse approaches have been
attempted, or are currently ongoing (Table 45.2).

INFLAMMATION MODEL STUDIES – IL-15
TARGETING IN VIVO

Several of the foregoing approaches have been
tested in relevant disease models. We have used

full-length soluble IL-15Rα administration to
manipulate IL-15 bioactivities in vivo. When 
sIL-15Rα is injected daily following antigen
challenge the development of collagen-induced
arthritis (CIA) is suppressed, associated with
delayed development of anti-collagen-specific
antibodies (IgG2a) and with reduced antigen-
specific IFN-γ and TNF-α production in vitro.48

On discontinuation of sIL-15Rα administration,
CIA developed to levels comparable with controls,
suggesting that anti-inflammatory effects are
transient. In subsequent studies we have gener-
ated targeted mutants of IL-15Rα and identified
the sushi domain as essential for functional
cytokine neutralization.49 Selected deletion of
cysteine residues similarly disrupted folding to
abrogate binding and function. Studies are
ongoing to determine whether small molecule
derivatives of sIL-15Rα are of therapeutic utility
in the CIA model. This also provides opportunities
to investigate the potential for dual targeting of
synergistic cytokine activities, e.g. IL-15 and IL-18.
An alternate approach has been to generate
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Table 45.2 Strategies to target IL-15 in 
clinical studies

Modality Comments

Anti-IL-15 antibody ● Specificity predictable
● Requirement to block 

membrane and soluble
cytokine

● Human or humanized structure
preferable

Soluble IL-15Rα ● High affinity and specificity
● Pharmacokinetics unclear
● Does not block IL-15Rβ and 

γ chain signaling
● Human or humanized 

structure preferable
Mikβ1 anti-receptor ● High affinity

● Blocks majority of IL-15- 
mediated signaling

Mutant IL-15 species ● Cytotoxic vs antagonistic 
benefits unclear

● Specificity high
● Pharmacokinetics unclear

Small molecule ● Not IL-15-specific
inhibitors ● Risk of idiosyncratic effects
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mutant IL-15 forms that can specifically modify
IL-15 activities. An IL-15/Fcγ2a fusion protein
that antagonizes the activities of IL-15 in vitro
and lyses receptor-bearing cells, suppresses the
onset of DTH responses in vivo, associated with
reduction in CD4+ T-cell infiltration.50 This
fusion protein has also proven effective in vivo in
preventing rejection of murine islet cell 
allografts in combination with CTLA4/Fc.51

Studies in CIA indicate that this fusion protein is
effective in treating not only developing CIA but
also established disease and that after treatment
disease recurrence is suppressed. This effect is
associated with suppression of expression of a
broad range of inflammatory cytokines.52 Finally
anti-IL-15 antibody has been employed in
informative studies in vivo using a psoriasis
model in which human psoriatic biopsies
engrafted to SCID mice have received human
ati0IL-15 monoclonal antibody (mAb:AMG714)
leading to rapid clearance of the psoriatic tissue
pathogenesis.53

CLINICAL STUDIES TARGETING IL-15

Clinical studies in humans have been performed
using a neutralizing antibody, AMG714, and a
mAb targeting IL-2/15Rβ chain MIKβ2. The
optimal approach in clinical trials has not yet
been established.

The fully human IgG1 monoclonal anti-IL-15
antibody, AMG714, binds and neutralizes the
activity of soluble and membrane-bound IL-15
in vitro. AMG714 has been tested in two clinical
trials in RA. In a 12-week, dose-ascending,
placebo-controlled study, RA patients (n = 30)
that had failed several previous disease-modifying
anti-rheumatic drugs (DMARDs) received a 
randomized, controlled, single dose of AMG714
(0.5–8 mg/kg) followed by open-label weekly
doses for 4 weeks. IL-15 neutralization was well
tolerated.54 This study was not placebo-controlled
throughout, however, encouraging signs of 
efficacy were obtained. Around 60% of patients
achieved an ACR 20 response with some 25%
achieving an ACR 70 improvement. In parallel
studies, AMG714 was shown to inhibit endoge-
nous RA synovial T-cell activation and to 
suppress IL-15-induced cytokine release.54

A subsequent dose-finding study has now been

performed55 in which RA patients received
increasing fixed doses (up to 280 mg per injection)
of anti-IL-15 antibody every 2 weeks by s.c. injec-
tion for 3 months. An interim analysis indicated
satisfactory tolerance compared with placebo
and ACR 20 improvements were observed in
approximately 60% of recipients receiving
higher doses of AMG714. No significant 
alterations in the levels of circulating leukocyte
subsets, including NK cells and CD8+ memory 
T cells, were observed. Extension of this study
was performed to compare the highest dose of
AMG714 (n = 121) with placebo (n = 58).
Significant improvements in ARC 20 responses
occurred in AMG714 recipients compared with
placebo at week 12 and week 16 of follow-up. Of
note, however, ACR 20 responses were not 
significantly different from placebo at week 14
(reflecting a higher placebo response at this time
point), the pre-designated primary outcome
time for this study. Clear and significant
improvements in acute phase reactants occurred
in AMG714 recipients compared with placebo.
Thus although there is clear evidence of biologic
activity and biological proof of concept, larger
confirmatory studies are now required to 
facilitate proper interpretation of these data and
at this stage IL-15 should not as yet be considered
a validated therapeutic target in RA.

Several outstanding issues remain in this 
clinical area. The relative role of IL-15 as a target
compared with TNF and IL-6 is unclear. Its role
in early T-cell/DC interactions suggests that it
may have some role in tolerance induction 
and therefore manipulation of IL-15 may offer
potential in early disease beyond its capability in
later RA, the only subjects thus far treated. IL-15
mediates effects on epithelial cells of the gut,
keratinocytes, myocytes, hepatocytes, and 
several central nervous system (CNS) subsets
indicating broad tissue effector function in host
defence.56–64 Elevated levels are detected in a
variety of inflammatory diseases and there is
momentum currently to explore its therapeutic
role across a range of disorders. In particular
psoriasis offers attractive potential based on
expression patterns in disease tissue, the beneficial
effects of IL-15 blockade in relevant models, and
the potential for interruption of IL-15 function in
remitting relapsing inflammatory disease typical
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in some psoriatic disease patterns. Finally, it will
now be necessary to extend the range of modalities
of blockade. Preclinical studies are under way
using IL-15 mutant proteins and additional anti-
IL-15 mAbs are under consideration. A phase 
I trial has been performed in which IL-15 was
blocked using Mikβ1 mAb in patients with large
granular lymphocyte leukemia65 – this reagent is
now being tested in a variety of inflammatory
conditions. In particular there is interest in 
utilizing either signal molecule inhibitors, 
e.g. JAK inhibitors. However, these do not yet
facilitate specific cytokine targeting. This may
not be a deficit in their strategic importance, as
focusing on given pathologic signaling pathways
may offer some advantages over pan cytokine
inhibition.

CONCLUSIONS

IL-15 represents an intriguing cytokine activity
with pleiotropic effects in RA synovial membrane.
Recent studies suggest broader expression in a
range of autoimmune diseases. Many data now
support a proinflammatory role. The success 
of TNF-α blockade clearly illustrates the potential
in effective targeting of regulatory cytokines.
However, those patients in whom either a partial
or absent response occurs demonstrate the need
for further studies to determine factors that in
turn regulate TNF-α production, operate in syn-
ergy with TNF-α or indeed operate independent
of TNF-α. The data presented above provide
compelling evidence to support such a role for
IL-15 in synovial inflammation. Early clinical
trials are encouraging but not yet conclusive in
validating IL-15 as a target. Further preclinical
and clinical studies will be required to determine
what the optimal targeting mechanisms may be
given the complex membrane and intracellular
expression of IL-15 on a number of tissues.
Nevertheless, it clearly represents a target
worthy of exploration either alone or as a 
component of combination cytokine-targeting
approaches.
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INTRODUCTION

Intracellular signaling pathways, especially protein
kinases, allow cells to respond to environmental
stress. Diverse extracellular stimuli activate 
cascades of these kinases that ultimately result
in nuclear localization of transcription factors
and gene transcription. This process regulates
expression of cytokines, chemokines, degradative
enzymes, programmed cell death, and cell
growth and proliferation. These pathways also
initiate immune responses to protect the host
from pathogens such as bacteria, viruses, and
parasites. In genetically predisposed individuals
with increased underlying immune reactivity,
proinflammatory stimuli that engage this mech-
anism might not be self-limited and can direct a
pathologic, destructive response that harms the
host, as in rheumatoid arthritis (RA). Dissection
of these cytokine and signal transduction 
pathways can potentially provide insight into
the pathogenesis of chronic inflammatory 
diseases and lead to identification of potential
therapeutic targets.

MAPK PATHWAY

Protein kinases are enzymes that phosphorylate
serine, threonine, or tyrosine amino acid 
side chains on a variety of proteins, such as 
downstream kinases or transcription factors.

The resultant phosphorylation can alter the
target protein kinase activity, initiate formation
of intracellular complexes, or enhance enzymatic
degradation of the phosphorylated proteins.
One of these pathways, the mitogen-activated
protein kinases (MAPKs), includes a family of
kinase cascades that regulate many cellular
activities including cell survival, proliferation,
division, and metabolism, as well as cytokine
and metalloproteinase gene expression.1 MAPKs
are divided into three subfamilies (Figure 46.1),

Figure 46.1 MAPK signaling pathways. Complex parallel and

crossover signaling cascades link the three main MAPK fami-

lies, ERK, JNK, and p38. The top level shows the MAP kinase

kinase kinases (MAP3Ks), the second tier shows the MAP

kinase kinases (MKKs), and the third tier consists of the

MAPKs that regulate various genes through transcriptional

and post-transcriptional mechanisms.
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including extracellular signal-related kinases
(ERK1 and 2), p38 MAPK (α, β, γ, δ), and c-Jun
N-terminal kinase (JNK1, 2, 3).2 The MAPK 
subfamilies differ in substrate specificity and
response to extracellular stress, depending on
the type of cell and stimulus. ERK1 and ERK2
are widely expressed and typically regulate 
cellular proliferation and differentiation. In con-
trast, p38 and JNK often increase inflammation
and regulate apoptosis. However, the functions
of individual MAPKs broadly overlap.

The MAPK pathways are parallel but interactive
signal cascades that are composed of three
sequentially activated kinases. MAPKs represent
the terminal component of a three-tiered cascade
and serve as phosphorylation substrates for
MAPK kinases (MKKs). The MKKs are in turn
regulated by upstream MKK kinases (MAP3Ks).
MAP3Ks, MKKs, MAPKs, as well as the sub-
strates of MAPKs, are regulated and activated
via phosphorylation by upstream kinases and
dephosphorylation by protein phosphatases.

Initiation of the MAPK cascade occurs when
cells sense stress in the environment, such as
cytokines, Toll-like receptor (TLR) ligands,
growth factors, adhesion molecule ligation,
ultraviolet irradiation, and oxidative stress. For
instance, activation of certain cytokine receptors
and growth factor receptors activates the ERKs.
The p38 MAPKs are induced by lipopolysaccha-
ride (LPS), proinflammatory cytokines, and
osmotic shock. The JNK isoforms are also activated
by a variety of stimuli, including ultraviolet
light, protein synthesis inhibitors, and cytokines.
While these general rules are useful, there is con-
siderable cross-talk and promiscuity among the
MAPKs. Engagement of cell surface receptors
that initiate the MAPK cascade activates small
intracellular GTPases (e.g. Ras, Rac), which in
turn activate the MAP3Ks. MAP3Ks have 
distinct sequence motifs that provide selective
activation capability in response to different
extracellular stimuli. The many different
MAP3Ks can then be matched with specific MKK-
MAPK sets, allowing cells to respond to different
circumstances with the activation of a specific
MAPK pathway.

Although the four isoforms of p38 (p38α, β, γ,
and δ) and two isoforms of ERK (ERK 1 and
ERK2) are pivotal signaling pathways for

inflammation and the cell cycle, respectively,
JNK might be the primary MAPK involved in
production of metalloproteinases (MMPs) and
joint destruction in inflammatory arthritis. JNK
was originally isolated and characterized as a
stress-activated protein kinase on the basis of its
activation in response to inhibition of protein
synthesis by cycloheximide.3 Three JNK genes
exist, and each has multiple alternatively spliced
subtypes, creating 10 JNK isoforms in total.4 The
pathway leading to JNK activation is complex,
with both cell- and stimulus-specific responses
controlled by phospho-relay systems among 
distinct intracellular complexes. A variety of
receptor-associated signaling mechanisms then
lead to activation of MAP3Ks, such as MEKK1–4,
ASK1, TAK1, and MLK3, that subsequently 
activate downstream the two JNK kinases,
MKK4 and MKK7. MKK4 can activate JNK or
p38 MAPKs. MKK7, however, only activates
JNK. MKK4 preferentially phosphorylates 
tyrosine 185 on JNK, whereas MKK7 prefers the
threonine 183. Phosphorylation of both sites on
JNK is required for full kinase function. JNK
then phosphorylates two sites on the N-terminal
activation domain of c-Jun, serine 63, and serine 73,
which can then form hetero- and homo-dimers
that bind the activator protein 1 (AP-1) site in
promoter regions. AP-1 is widely distributed
and regulates expression of MMP genes by binding
to upstream regulatory regions. Similar cascades
exist for the other two MAPK families: MEK1
and MEK2 are the MKKs that activate ERK,
while MKK3 and MKK6 are the main kinases
that regulate p38. In each case, the upstream
kinases form stable complexes with the 
MAPK to provide an efficient method of signal
transduction. Of the p38 proteins, the α isoform
is thought to be most important for cytokine 
production by macrophages and is typically
associated with MKK3.

MAPK EXPRESSION AND REGULATION 
IN RHEUMATOID ARTHRITIS SYNOVIUM

MAPKs are thought to participate in both the
inflammatory and destructive components of
RA. JNK, ERK, and p38 are expressed in 
synovial tissue and are present in their active
phosphorylated forms in RA as demonstrated
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by immunohistochemistry and western blot
analysis.5,6 The relative distribution of each
family is not random, but localized to specific
regions of the synovium and independently 
contributes to disease pathogenesis. The MAPK
p38 is widely distributed in the synovium,
although the phosphorylated form is mainly found
in the intimal lining where most of the cytokines
and proteases are produced (Figure 46.2).
Phospho-p38 is also expressed in synovial blood
vessels. While p38δ is abundant in these 
locations, p38δ is overexpressed by synoviocytes
at sites of invasion into the extracellular matrix.7

The upstream regulators of p38, MKK3 and
MKK6, are also more activated in RA than
osteoarthritis (OA) and are located in the synovial
intimal lining and, to a lesser extent, in perivas-
cular lymphoid aggregates.8 ERK activation 

also appears to be localized primarily to blood
vessels. In each case, the level of MAPK 
phosphorylation is significantly higher in RA
than OA tissue.

p38 and ERK undoubtedly participate in the
regulation of many of the genes known to 
contribute to rheumatoid synovitis, including
tumor necrosis factor (TNF)-α, IL-1, and MMPs.
p38, in particular, has complex mechanisms that
modulate the expression of these genes, including
regulation of transcription, mRNA stability, and
translation. These proinflammatory genes are
also regulated by JNK, albeit primarily at the
transcriptional level. Activation of JNK in
rheumatoid synovium was first demonstrated by
western blot analysis, which confirmed that both
46 kD and 54 kD isoforms are phosphorylated to
a greater extent in RA than OA6 (Figure 46.3).
Immunostaining has localized a significant 
percentage of the phospho-JNK to the sublining.
However, its major substrate, c-Jun, and AP-1
are mainly activated in the synovial intimal
lining. This is also the primary site for MMP
gene expression and it is likely that JNK plays a
prominent role in this process. The upstream
activators of JNK, MKK4, and MKK7, are also
expressed in rheumatoid synovium.8 As with
JNK, western blot shows that the JNK kinases
(MKKs) are more highly phosphorylated in RA
than OA synovium. Immunostaining confirms
that MKK4 and MKK7 are mainly activated in
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Figure 46.2 Immunostaining of activated p38 MAPK in synovial

tissue from RA patients. Cryosections of synovial tissue from

RA patients stained with P-p38 MAPK phosphospecific antibody

(brown) demonstrate strong staining in RA, localized to the syn-

ovial lining (A) and endothelial cells of synovial blood vessels

(B) Reproduced from Schett et al, Arthritis Rheum 2000; 43:

2501–12, with permission from John Wiley & Sons.5
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Figure 46.3 JNK phosphorylation in rheumatoid arthritis (RA)

and osteoarthritis (OA) synovium. To evaluate the role of JNK 

in vivo, JNK phosphorylation was determined in extracts of intact

RA and OA synovium by western blot analysis for JNK and phos-

pho-JNK. Phospho-JNK was detected in the lysates of RA syn-

ovium tested but not in the OA tissue. Reproduced from Zuoning

et al, J Pharmacol Exp Ther 1999; 291: 124–30, with permis-

sion from the American Society for Experimental Therapeutics.6
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the intimal lining and also identifies this location
as a key site for JNK function.

The top tier of the JNK cascade is also
expressed in RA synovium. Multiple MAP3Ks
have been identified using immunoassays to
identify protein and polymerase chain reaction
studies to quantify mRNA expression. Of these,
MEKK1, MEKK2, TAK1, and ASK1 appear to be
the most abundant in inflamed synovium.9

Immunohistochemistry to localize MEKK2
shows that it is primarily expressed in the inti-
mal lining along with the other members of the
JNK pathway.

EXPRESSION AND REGULATION OF MAPKs IN
CULTURED FIBROBLAST-LIKE SYNOVIOCYTES

Of the three isoforms, JNK2 is the primary gene
product in cultured fibroblast-like synoviocytes
(FLS).6 Approximately 90% of the JNK protein in
synoviocytes is JNK2, with the remainder pres-
ent as JNK1. JNK3 is mainly found in neural
tissue and is not expressed in FLS or synovium.
JNK, as well as p38 and ERK, are readily activated
in synoviocytes as determined by phosphorylation
and direct measures of kinase activity, by many
proinflammatory factors known to be present in
the rheumatoid joint, including IL-1 and TNF-α.
In vitro, MAPK activation in FLS tends to be
transient, often peaking after 15–30 minutes and
declining to near baseline levels by 1 hour.
Despite the decrease over time, the amount of
phopshorylated MAPKs remains slightly above
normal for up to 24 hours after stimulation. 
JNK activation and subsequent collagenase gene
expression after IL-1 stimulation appear to be
higher in RA than OA synoviocytes.6

The relative role of JNK, p38, and ERK in FLS
function, especially related to AP-1 activation
and MMP expression, was explored using small
molecule inhibitors with relatively limited speci-
ficity.6 Because a selective JNK inhibitor was not
yet available, SB203580 was used to evaluate the
mechanisms of increased collagenase expression
in RA FLS. At low concentrations, this molecule
is selective for p38. However, at 25–50 µM it also
blocks some of the JNK isoforms. These studies
suggested that blockade of p38 alone had less
effect on collagenase gene expression than com-
bination p38 and JNK blockade (i.e. by higher

SB203580 concentrations). However, in other cell
lineages, such as chondrocytes, p38 played a
prominent role in MMP13 expression. p38 
blockade has a marked effect on IL-6 production,
although the effects are mainly on protein 
production rather than mRNA levels. An 
ERK inhibitor, PD98059, has intermediate 
effects on MMP production in cultured 
synoviocytes.

More recent data using selective JNK
inhibitors and genetic constructs have confirmed
the pivotal role of JNK in the expression of
MMPs by FLS. For instance, the JNK inhibitor
SP600125 markedly decreased IL-1-induced 
c-Jun phosophorylation, AP-1 binding, and MMP
gene expression in cultured synoviocytes.10

Of interest, SP600125 did not suppress c-Jun phos-
phorylating activity below baseline levels, sug-
gesting that other pathways (such as ERK or p38)
can also contribute. This notion was confirmed by
the observation that ERK inhibition also sup-
presses AP-1 activation and MMP expression.

Similar results were obtained by evaluating
cultured synoviocytes isolated from JNK1−/− and
JNK2−/− mice. Cells from both strains have a par-
tial defect in IL-1-induced AP-1 activation and
MMP3 and MMP13 gene expression. Of the two
JNK isoforms, JNK2 appeared to be more 
important and is likely a reflection of the fact
that this is the more abundant isoform in 
synoviocytes. The intermediate effect was 
probably due to the fact that only one of the two
key JNK genes is deficient (double JNK knockout
is embryonic lethal due to neural tube defects
during development).

JNK also plays a role in the survival of synovio-
cytes and contributes to Fas-induced apoptosis.
Nishioka and colleagues have shown that anti-Fas
antibody induced cell death more readily in RA
than OA synoviocytes.11 This process was 
dependent on JNK phosphorylation and activation
of AP-1. The authors speculated that overactivation
of JNK signaling in RA FLS was due to prior expo-
sure to cytokines in situ. To evaluate this possibility,
OA FLS were pretreated with TNF-α, which
increased their susceptibility to Fas-mediated
apoptosis.12 These data suggest that the cytokine
environment in RA sensitizes to Fas-mediated cell
death compared with non-inflammatory arthritis
through a JNK-dependent mechanism.
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Regulation of MAPKs in FLS by upstream
kinases has also been evaluated. JNK is activated
by the upstream MKKs, MKK4 and MKK7, that
preferentially phosphorylate JNK on tyrosine
185 (MKK4) and threonine 183 (MKK7).13 Both
MKK4 and MKK7 are constitutively expressed
by synoviocytes, and they are rapidly activated
by exposure to cytokines like TNF-α and IL-1.
Immunoprecipitation studies demonstrate that
MKK4 and MKK7 form a complex with JNK,
thereby providing a very efficient method for
phosphorylating JNK and increasing expression
of JNK-driven genes. This complex has been
called the JNK signalsome and can also include
scaffold proteins (e.g. JIP) or other upstream
kinases (see below). The relative contribution of
the two JNK kinases to FLS function has recently
been examined using siRNA knockdown.14

MKK4 appears to make little contribution to
cytokine-stimulated JNK activation in FLS,
while JNK phosphorylation and downstream
transcriptional events were almost completely
blocked by MKK7 knockdown. In contrast, non-
receptor-mediated JNK activation, such as by
anisomysin, is dependent on both MKK4 and
MKK7. These data suggest that targeting an
upstream kinase, especially MKK7, might 
interfere with pathogenic JNK activation in
cytokine-driven diseases while allowing other
stimuli to bypass this defect and engage JNK.
While still highly speculative, this could 
potentially offer an improved risk-benefit profile
compared with complete JNK blockade with a
small molecule inhibitor.

Similarly, the upstream MKK3 and MKK6 are
the primary activators of p38 in cultured FLS.15

Both MKKs are rapidly activated by cytokines,
but studies with dominant negative constructs
suggest that MKK3 plays a more important role.16

This was confirmed in MKK3−/− synoviocytes,
where p38 phosphorylation and production of
IL-1 and IL-6 after TNF-α stimulation was 
profoundly suppressed. Of interest, cytokine
induction was normal in the MKK3−/− cells if
they were treated with the TLR4 ligand LPS.17

Upstream kinases MEK1 and MEK2 regulate the
ERKs, although the relative contribution of each
has not been elucidated.

The JNK signalsome, which includes JNK,
MKK4, and MKK7, is regulated by the upstream

MAP3Ks in synoviocytes. The upper tier of
MAP3Ks is quite diverse and complex. Of the
various members of the MAP3K family, TAK1,
MEKK1, and MEKK2 are the most abundant in
cultured FLS and are also expressed in intact
synovium. Surprisingly, MEKK4, which is the
most selective MAP3K for JNK, is only present
at very low levels in FLS. MEKK2, in particular,
can form a complex with the signalsome and is
regulated by cytokines like IL-1. However, the rel-
ative hierarchy of these kinases in the activation of
JNK and downstream genes is still uncertain.
Preliminary data using siRNA knockdown
methods suggest that TAK1, in particular, plays
a key role in JNK phosphorylation and MMP
expression in cytokine-stimulated FLS (unpub-
lished data). Depending on the results of careful
studies to dissect the pathway, new therapeutic
targets might be identified that regulate JNK and
other MAPKs in inflammation.

MAPKs IN ANIMAL MODELS OF ARTHRITIS

Given the key role that JNK plays in extracellular
matrix degradation and cytokine production,
the effect of JNK blockade in arthritis would be
of considerable interest. Furthermore, data in
JNK1−/− and JNK2−/− mice suggest that this path-
way is also involved in the regulation of 
T-cell differentiation into the Th1 subset. Th1 cells,
which produce cytokines like interferon (IFN)-γ,
are thought to participate in the pathogenesis of
animal models of arthritis as well as human RA.
Hence, targeting JNK could alter the effector
phase and the adaptive immune responses in
inflammatory arthritis.

To evaluate the contribution of JNK to inflam-
matory joint disease, the JNK inhibitor SP600125
was evaluated in the rat adjuvant model. This
anthrapyrazolone compound represented a
major tool that advanced our understanding of
JNK in inflammation.18,19 It acts as a reversible
ATP-competitive inhibitor with similar potency
towards JNK1, JNK2, and JNK3. The adjuvant
arthritis model is induced by immunization 
with complete Freund’s adjuvant and results in
T-cell-dependent, severe polyarticular, destructive
arthritis. Rats were immunized with adjuvant on
day 0 and treated daily with vehicle or SP600125
beginning on day 8. Administration of the JNK
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inhibitor modestly decreased paw swelling in
treated rats (Figure 46.4).10 More importantly,
the SP600125-treated animals demonstrated a
dramatic decrease in bone and cartilage damage
as determined by radiographic analysis. Because
the drug was administered over a week after
immunization, its effect was more likely due to
suppression of effector mechanisms than the 
initial immune response. This conclusion was
substantiated by studies evaluating joint extracts
from the SP600125-treated animals. In vitro
kinase assays showed that JNK activity was 
suppressed and AP-1 binding was dramatically
decreased. MMP13 gene expression was also
much lower in the joints of the treated animals.
These results were the first in vivo proof-of-concept
that JNK inhibition could be effective in arthritis.
The primary effect was on matrix destruction,
although the modest anti-inflammatory effect

could have been due to the fact that the com-
pound was not optimized for pharmacokinetics.

Because SP600125 inhibits all isoforms of
JNK, and it is still possible that blocking only a
single gene product would produce similar bene-
fit. This has been explored using JNK1 and JNK2
knockout mice. Using the passive collagen arthri-
tis model, Han and colleagues examined the
course of disease in wild-type and JNK2−/− mice.20

JNK2 was chosen first for evaluation because it
is the major form expressed in FLS. The passive
transfer model was used to determine the role of
JNK2 in the effector phase of arthritis, which is
independent of T cells. Although a modest
degree of joint protection was noted, the benefit
was much less than observed in the adjuvant
arthritis model using a pan-JNK inhibitor. 
No effect was observed on the clinical severity 
of arthritis. Joint extract lysates also showed 
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Figure 46.4 (a) Effect of the JNK inhibitor SP600125 on adjuvant arthritis in rats. Significantly less paw swelling was observed

in the SP600125-treated animals. (b) Effect of SP600125 on radiographic damage in adjuvant arthritis. Ankle radiographs demon-

strate decreased joint destruction in rats treated with SP600125 (upper panel) compared with vehicle (lower panel). Reproduced

from Han et al, J Clin Invest 2001; 108: 73–81, with permission from the American Society for Clinical Investigation.10
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similar amounts of AP-1 binding and MMP13
expression in the arthritic JNK2−/− and wild-type
mice. These data suggest that an inhibitor might
need to target both JNK1 and JNK2 to inhibit
MMP expression.

More recently, the protective effect of JNK1
deficiency was examined in TNF-α transgenic
mice. JNK1−/− mice were backcrossed with
human TNF transgenic mice and the clinical
course was evaluated. No differences in synovial
inflammation, bone erosion, cartilage damage,
or cellular infiltrate of the synovium were noted
in the JNK1−/− hTNFtg compared with various
controls.21 Evaluation of JNK signaling in both
genotypes demonstrated decreased phosphoryla-
tion of JNK in the JNK1−/− hTNFtg mice com-
pared with hTNFtg mice. Expression of JNK2 and
phospho-c-Jun in the synovial membrane was
similar in both groups. The presence of intact
JNK2 expression as well as JNK and c-Jun phos-
phorylation suggests that JNK2 can compensate
for the deficiency of JNK1 in this model of 
TNF-α-mediated arthritis. These results agree with
the concept that both JNK1 and JNK2 must be
blocked to suppress joint destruction in arthritis.

Numerous studies have demonstrated that p38
inhibitors are effective in animal models of arthritis,
including adjuvant arthritis and collagen-induced
arthritis (CIA).22,23 Treated animals have less syn-
ovial inflammation and cartilage destruction com-
pared with vehicle-treated controls. p38 blockade
also profoundly suppresses bone destruction. This
appears to be due to a role of p38 in osteoclast dif-
ferentiation and activation as well as suppression
of RANKL expression24 (Figure 46.5). The critical
role of MKK3 as a key p38 regulator was recently
confirmed in vitro using the passive K/BxN model
in MKK3−/− mice. Deficiency of this MAPK kinase
markedly decreased clinical arthritis as well as
synovial phospho-p38, IL-1, and IL-6 levels.17

The defect could be reversed by administration 
of exogenous IL-1 during the initial phases of the
disease. As with cultured synoviocytes, LPS
responses as measured by IL-6 production were
normal in the MKK3−/− mice.

MAPKs IN OTHER AUTOIMMUNE DISEASES

JNK has been implicated in other rheumatic and
inflammatory diseases including systemic lupus

erythematosus (SLE), psoriasis, asthma, and
inflammatory bowel disease. Using intracellular
flow cytometric assessment of SLE patients, 
B cells from the periphery of SLE patients con-
tained higher levels of phosphorylated JNK, ERK,
and p38 compared with normal individuals.25

In psoriatic skin, JNK and ERK expression is
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Figure 46.5 Effects of p38 MAPK blockade on bone erosion and

synovial osteoclastogenesis. The numbers of synovial osteo-

clasts were determined in tartrate-resistant acid phosphatase

(TRAP)-stained sections from TNF-transgenic mice (n = 24) that

were treated with vehicle control (upper panel) or the p38 MAPK

inhibitor RO4399247 (lower panel). Reductions in the number of

synovial osteoclasts were statistically significant for the p38

MAPK inhibitor treated versus untreated control mice. Rep-

resentative TRAP-stained sections of mice treated with vehicle

(upper) or RO4399247 (lower) are shown. Reproduced from

Zwerina et al, Arthritis Rheum 2006; 54: 463–72, with permis-

sion from John Wiley & Sons.24
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increased in the nuclei of involved epidermis. In
addition, western blot confirmed activation of
JNK and ERK through detection of increased
expression of phosphorylated forms of these
kinases in the psoriatic epidermis.26 Selective
JNK and ERK activation might play a role in
hyperproliferation and abnormal differentiation
in psoriasis. Other studies, however, implicate
ERK and p38 activation in psoriasis, rather than
JNK.27 It has also been proposed that blockade of
JunB/AP-1 in epidermal keratinocytes triggers
cytokine gene expression and cell recruitment
that contributes to the epidermal alteration
found in psoriasis. This alteration in gene
expression could be sufficient to initiate both
skin and joint manifestations in this disease.28

p38 also is activated in many other inflammation
models, including inflammatory bowel disease
and allergic airway disease.29,30

Selective inhibition of JNK using SP600125
reduces inflammatory cell migration into the
airway lumen after single allergen exposure in
mice.31 In addition, the JNK inhibitor SP600125
was used to evaluate the role of JNK in another
murine model of airway inflammation and
remodeling.32 JNK inhibition results in fewer
cells in the airways, suppressed eosinophilic
inflammation in bronchial submucosa, and
decreased allergen-induced bronchial respon-
siveness.

MAPKs AS THERAPEUTIC TARGETS

p38 inhibitors have been evaluated extensively
in preclinical models of arthritis and have 
limited proof-of-concept in humans. Using the
p38α/β selective inhibitor RWJ-67657, Fijen and
colleagues evaluated the role of p38 in normal
humans injected with low doses of LPS. The
compound suppressed the fever response and
the increase in serum cytokines like TNF-α.33

A similar study with the Boehringer Ingelheim
compound BIRB 796 showed that phosphoryla-
tion of the p38 substrate ATF-2 was inhibited
after endotoxin injection.34 This compound was
also tested in a phase II study in RA, although
the results have not been disclosed. VX-702 was
examined in a short-term study of acute coro-
nary syndrome and appeared to decrease the
accompanying elevation in C-reactive protein.

This compound is also being evaluated in a
phase II study as a single agent in RA. The VeRA
study enrolled 315 patients and 278 completed
12 weeks of treatment. VX-702 led to a dose-
dependent, statistically significant increase in
ACR 20 response rates. The most common
adverse events were rash, infection, and gas-
trointestinal intolerance, but no significant
effects on lab measurements, including liver
function tests, were noted. Overall the response
was not robust, with a 44% ACR 20 response rate
compared with 31% for placebo. However, the
compound still needs to be evaluated in combi-
nation with methotrexate. Another Vertex com-
pound, VX-745, was tested in a placebo-controlled
study involving 44 patients; 43% of patients in
the treatment arm achieved an ACR 20 response
compared with 17% for placebo. Finally, the
Scios compound SCI-469 has completed a phase I
safety study in RA in patients. A larger phase II
study comparing SCIO-469 to placebo has also
recently been completed. This compound has
also been studied in dental extraction pain and
extended the time needed for ibuprofen rescue
from 4.1 hours in the placebo group to 8.1 hours.

The major issues that have interfered with the
development of these compounds relate to pre-
clinical and clinical toxicity. For instance, several
compounds have demonstrated an unusual
inflammatory CNS condition in dogs, although
this does not appear to occur in other species. As
a result, new compounds with more limited
CNS penetration have been proposed to solve
this problem. In humans, hepatotoxicity has
been a frequent dose-limiting concern. It is not
clear whether this is compound-specific or
mechanism-based. For instance, 16% of patients
with RA treated with the lowest dose of VX-745
had elevated liver enzymes. The fact that struc-
turally distinct compounds have similar profiles
suggests the latter, although this is certainly not
proven. Greater selectivity for p38 over other
kinases, increased specificity for the α isoform of
p38, or the development of allosteric inhibitors
rather than ATP competitors might improve the
toxicity profile. Alternatively, one could target
downstream kinases, such as MAPKAPK-2,
instead of p38 itself because MAPKAP-2 is likely
responsible for the cytokine-regulating proper-
ties of the p38. The studies of MKKs also suggest
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that inhibiting MKK3 might provide the benefits
of p38 inhibition for cytokine-mediated inflam-
mation while sparing host defense and TLR
responses.

JNK is a potential therapeutic target for a
wide range of diseases, including cancer, diabetes,
and inflammatory disorders. As with other
kinases, the major issues for small molecules
involve specificity and toxicity. These problems
can be related, because lack of specificity for a
particular kinase can potentially lead to unantic-
ipated side effects. Specificity issues can be 
especially difficult when drugs are targeted at
the ATP site of a kinase because there is consid-
erable homology between different enzymes in
the kinome. Alternatively, allosteric inhibitors
that bind to other sites could potentially offer
greater selectivity. Although the first JNK
inhibitor, SP600125, from Celgene had a number
of issues related to this problem, the elucidation
of the crystal structure of JNK3 helped guide
medicinal chemists to develop more suitable
compounds.35 For instance, Celgene has recently
disclosed a second series of JNK inhibitors, such
as CC-401, which successfully completed a
phase I, double-blinded, placebo-controlled,
ascending single intravenous dose study in
healthy human volunteers.

A series of JNK compounds developed by
Serono were disclosed as inhibitors of JNK2
and/or JNK3 for the treatment of autoimmune
and neuronal disorders. These benzazoles are
more potent inhibitors of JNK3 than JNK2.
Serono also introduced a series of sulfonamide,
sulfonyl amino acid, and sulfonyl hydrazides, as
inhibitors of JNK2 and JNK3. One of the initial
sulfonamides was further screened for its 
structure activity relationship and allowed 
identification of the areas that impart potency to
the kinase-inhibiting motif. This work led to the
identification of AS600292, the first selective
JNK inhibitor in this class.36 AS600292 protected
against neuronal death by serum and growth
factor starvation in vitro.

Structure activity studies led to increased
potency via chemical modifications and
improved biologic profile, resulting in synthesis
of a new JNK inhibitor AS601245.37 This com-
pound was tested in the endotoxic shock model
in mice, resulting in dose-dependent inhibition

of plasma TNF-α levels when administered
orally. The same compound was tested in a
mouse model of CIA. Oral administration of
AS601245 at 60 mg/kg reduced paw swelling
and clinical arthritis scores in the JNK inhibitor-
treated animals. Histological analysis revealed
decreased cartilage erosion and synovial inflam-
mation. Unlike SP600125, this optimized com-
pound demonstrated potent anti-inflammatory
and matrix-protecting effects. Selectivity tests
against a large panel of kinases suggested that
the compound has little or no effect on closely
related kinases, hence the in vivo effects are
likely due to inhibition of JNK. Cephalon has
also revealed that the compound CEP-1347 will
be tested in early Parkinson’s disease.

Finally, in Crohn’s disease, inhibition of the
MAPKs JNK and p38 in humans using the com-
bined inhibitor CNI-1493 demonstrated some
evidence of clinical benefit with more rapid ulcer
healing.38 After these initial promising results,
larger studies were discontinued because of lack
of efficacy at doses that could be tolerated and
infusion site reactions.

In addition to the competitive JNK inhibitors
mentioned above, the development and thera-
peutic potential of ATP non-competitive peptide
inhibitors has been another area of research in
JNK inhibitor drug discovery.39 While small
molecule allosteric inhibitors have considerable
potential, there is limited information on this
topic. However, peptide-based approaches that
can target or disrupt JNK signaling complexes
have been reported. The JNK pathway is distinct
from other MAPK pathways in the use of JIP
family scaffold proteins.40 Evidence that JIP1
serves to facilitate signaling through the JNK
pathway in vivo was demonstrated by preven-
tion of JNK activation in Jip1 knockout mice.41

Overexpression of full-length JIP1 and studies
using fragments of JIP, such as the JNK-binding
domain (JBD), have also demonstrated inhibition
of JNK activity in a variety of cell types. Purified
JBD protein (JIP1 127-202) inhibits JNK activity
in an in vitro kinase assay, and residues 144–163
of JIP1 JBD are essential for interaction with
JNK. The sequence was resolved to an 11 amino
acid peptide in the JBD region of JIP1 that binds
JNK and inhibits its kinase activity.42 The specif-
icity of the short JIP1 JBD-derived peptides was
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tested and confirmed to inhibit only JNK and its
upstream activators MKK4 and MKK7.43 Finally,
the JIP1-derived peptide was further character-
ized as a unique competitive inhibitor of the
kinase interaction motif of c-Jun substrate.44 JIP1
JBD peptides represent potential therapeutic 
targets through ATP non-competitive peptide
inhibitors that bind to the kinase interaction
motif on the substrate rather than the ATP 
binding site. In addition, the region on JNK 
that interacts with JIP1 could provide another
location, other than the ATP binding site, to
target as a JNK inhibitor.

Peptide inhibitors of JNK have been designed
based on the protein scaffold JIP. In vivo studies
are limited to gene transfer of the JIP1 JBD 
protecting neurons in a mouse model of
Parkinson’s disease.45 The advantages of ATP non-
competitive peptide inhibitors such as JIP1 JBD are
primarily due to their highly specific interactions.
Disadvantages of the non-competitive peptide
inhibitors include limited cell permeability and
potential proteolytic degradation in vivo.39

Synthesis of peptidomimetics that can interact
with JIP-1 binding sites could potentially over-
come some of these problems.

ERK inhibitors for rheumatic disease have not
progressed as far as the other two MAPK fami-
lies. Most of the attention has been focused on
cancer due to the prominent role that ERK plays
in the regulation of cell growth. Rather than
target ERK itself, current efforts appear related
to inhibition of the upstream kinases MEK1 and
MEK2. For instance, PD 0323901 has been 
evaluated in a phase I study in melanoma and
several other types of cancer. This compound
successfully inhibits ERK phosphorylation in the
tumors and several partial remissions were
observed. Toxicity related to skin rash and
visual changes were observed with some 
frequency.

CONCLUSION

Improved understanding of MAPK regulation
and function has resulted from extensive bio-
chemical, cellular, and molecular studies in cul-
tured synoviocytes. In addition, various animal
models have been used to evaluate the role of
the MAPKs and have confirmed that they have

considerable potential as a therapeutic target.
MAPK inhibitors may be relevant for the treat-
ment of numerous inflammatory diseases,
including RA. The role of JNK in both effector
mechanisms and some aspects of adaptive
immunity support this concept. There are many
inhibitors but additional work is still being
directed towards the development of more selec-
tive compounds and novel inhibitors that target
JNK-associated proteins, the JNK signalsome,
protein–protein interactions, upstream kinases,
and conformational changes required for signal
transduction. Peptide or peptidomimetic
inhibitors of the signaling complexes might
allow disease-specific inhibition of pathogenic
JNK or p38 signaling.46 These approaches will
hopefully lead to targeted therapies for a broad
range of human diseases.
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INTRODUCTION

Many anti-inflammatory drugs currently used
in clinical rheumatology are limited by lack of
target specificity and a broad range of side
effects consequent upon this. Thus, there is
much interest in the possibility of developing
improved targeted therapies that will have
greater clinical efficacy combined with a narrower
range of side effects.

The most significant recent advance in the
clinical management of auto-inflammatory con-
ditions including rheumatoid arthritis (RA) has
been the advent of the biopharmaceuticals that
target cytokines. Chief amongst these are the
blockers of tumor necrosis factor (TNF)-α, inflix-
imab (Centocor), a chimeric murine-human anti-
TNF monoclonal antibody (mAb);1 etanercept
(Amgen), a TNF receptor-Fc fusion protein;2 and
adalimumab (Abbott Laboratories), a fully
human anti-TNF mAb.3 In addition, there has
been success with blockade of interleukin (IL)-1
in RA using recombinant IL-1 receptor antago-
nist (IL-1Ra; anakinra, Amgen),4,5 and with
blockade of IL-6 by the humanized anti-IL-6
receptor mAb, tocilizumab (Hoffman-La-Roche).6

However, the biopharmaceuticals have prob-
lems associated with their use including, cost,
route of administration, and side effects.7 They
are also not universally efficacious in all patients.
Thus, there is still a great unmet medical need for

the development of targeted anti-inflammatory
drugs that will overcome some of these problems.

In order to build on the clinical success of the
biopharmaceuticals while circumventing some
of the associated problems, attention has
focused on alternative strategies for inhibiting
cytokine signaling. The transcription factor
nuclear factor-κB (NF-κB) is activated by TNF-α,
IL-6, and IL-1, and these genes are also under
regulation by NF-κB.8 Thus, inhibition of compo-
nents of the NF-κB signaling pathway has come to
be regarded as a promising alternative strategy for
development of novel drugs to block the effects 
of excessive cytokines in auto-inflammatory 
diseases.

As the understanding of pathological cellular
signaling in disease states improves, it is becom-
ing feasible to apply this knowledge to identify
novel drug targets and then seek compounds
that act on these as a route to develop novel
drugs. The efficacy of this approach has already
been demonstrated by the development of the
tyrosine kinase inhibitor imatinib (Novartis)9

that targets constitutive tyrosine kinase signal-
ing in chronic myeloid leukemia. In the future it
is likely that an increasing number of drugs will
be developed in this way.

This chapter discusses evidence that several
anti-inflammatory agents currently in routine
clinical use, in part, owe their anti-inflammatory
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effects to NF-κB inhibition. Current work to
develop more targeted inhibitors will then be
reviewed before discussing potential routes for
the development of novel NF-κB inhibitors in
the future.

THE NF-κB TRANSCRIPTION FACTOR FAMILY

The transcription factor NF-κB is involved in
numerous cellular processes including develop-
ment, inflammation, and immunity.10 It consists
of homo- or hetero-dimers of the subunits, c-Rel
(also known as Rel); RelA (also known as p65
and NF-κB3); RelB, NF-κB1 (also known as p50),
and NF-κB2 (also known as p52). All five sub-
units contain the characteristic Rel homology
domain (RHD), which enables the subunits to
dimerize and to bind to the promoter of target
genes.8

NF-κB signaling is divided into two distinct
signaling pathways, known as the canonical and
the alternative (non-canonical) NF-κB pathways.
Central to the canonical pathway is the formation
of the NEMO (NF-κB essential modulator)/IKK
(inhibitor κB kinase)1/IKK2 complex, the degra-
dation of inhibitor-κB (IκB)α, following its phos-
phorylation, and the translocation of p50/RelA
heterodimers to the nucleus (Figure 47.1). In con-
trast, the alternative pathway is activated by
IKK1 phosphorylating NF-κB2 and marking it for
processing by the proteasome. The processed p52,
dimerized with RelB, subsequently translocates
to the nucleus (Figure 47.1).

The most common dimer in the canonical 
NF-κB pathway, consisting of p50/RelA, is
bound to the inhibitor, IκBα, in the cytosol in the
quiescent state (Figure 47.1). IκBα is the arche-
typical NF-κB inhibitor in an evolutionary con-
served inhibitor family consisting of IκBβ, IκBe,
B cell CLL/lymphoma (Bcl)-3, IκBζ, and IκBNS
as well as IκBγ, which is a degradation product
of NF-κB1 and of NF-κB2.8,11,12 With the excep-
tion of Bcl-3 and IκBζ, these proteins can inhibit
the translocation of NF-κB dimers to the nucleus
by interacting with the RHD and thereby inacti-
vate the nuclear localization signal (NLS). IκBβ
resembles IκBα in its primary as well as tertiary
structure. However, while IκBα degradation
leads to a rapid oscillatory NF-κB activation,
IκBβ degradation results in prolonged NF-κB

activation.8,13,14 This prolonged activation
appears to be required for numerous pathologi-
cal conditions including asthma and cystic fibro-
sis.13,15–21 The oscillatory propensity in the NF-κB
signaling system is counteracted by a negative
feedback mechanism mediated by IκBε, which is
delayed and functions in anti-phase to IκBα.22

This indicates that cells have the capacity to
modulate NF-κB activity depending on cell type
and stimuli. Beside the canonical inhibitors
IκBα, IκBβ, and IκBε, the two IκB family mem-
bers Bcl-3 and IκBζ seem to have a more multi-
faceted role. Bcl-3 specifically interacts with the
intrinsically inactive NF-κB1 and NF-κB2
homodimers in the nucleus and is not degraded
after cellular stimulation.23–26 Depending on its
phosphorylation status it can either act as an
inhibitor, dissociating p50 or p52 homodimers
from DNA, or as a co-activator that is recruited
to the gene promoter by p50 or p52 homod-
imers.23–28 The recently described IκBζ is highly
homologous to Bcl-3.29–34 Its transcription is 
rapidly induced upon stimulation with Toll-like
receptor (TLR) ligands and IL-1. Cells from IκBζ-
deficient mice show a severe impairment of IL-6
production in response to a variety of TLR 
ligands and IL-1 but not in response to TNF-α.35

Similar results were obtained using NF-κB1
knockout mice, which might indicate that IκBζ
specifically interacts with the NF-κB1 subunit.35

On the other hand, IκBNS seems to have the
opposite role to IκBζ, as it was shown to selec-
tively inhibit IL-6 production in response to
lipopolysaccharide (LPS).36 Furthermore, mice
deficient in IκBNS are highly susceptible to LPS-
induced endotoxic shock and intestinal inflam-
mation, most likely due to prolonged activation
of NF-κB.37

In order to allow the release of NF-κB dimers
IκBs need to become phosphorylated by IKKs.38

The IKK complex, inducing the canonical NF-κB
pathway, consists of the regulatory subunit
NEMO and the catalytic subunits IKK1 and
IKK2.39 While NEMO and IKK2 appear to be
essential for NF-κB activation, cells lacking IKK1
still show normal levels of NF-κB DNA binding
activity.40–45 Subsequently, IKK1 kinase activity
was found to be involved in the resolution of
inflammation, induced by NF-κB activation, by
accelerating the turnover of NF-κB and its
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release from the gene promoter.46 In addition,
IKK1 was shown to be an activator of the alter-
native NF-κB pathway47–49 (Figure 47.1). IKK1
homo-dimer complexes induce the processing of
NF-κB2 to p52 and consequently the nuclear
translocation of p50/RelB hetero-dimers. While
the NEMO/IKK1/IKK2 complex is required for
NF-κB activation in response to most NF-κB
stimuli, the role of the two non-canonical IKKs
IKKε (also known as IKKi) and TBK-1 (TNF
receptor associated factor family member-
associated NF-κB activator binding kinase), 

is unclear. Both were shown to be involved in the
induction of interferon (IFN) regulatory factor
(IRF)-3 in response to the TLR4 ligand LPS and the
TLR3 ligand dsRNA.50 Their role in the activation
of NF-κB, however, is still not well understood.

Phosphorylation of IκBα by the IKKs and its
subsequent proteasomal degradation releases 
NF-κB dimers to translocate to the nucleus and
activate target genes.47 However, NF-κB dimers
need to undergo additional post-translational
modifications, including site-specific phosphory-
lation and acetylation to produce a maximal
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transcriptional response.51,52 The most well stud-
ied NF-κB subunit in terms of post-translational
modifications is RelA. Several serine phosphory-
lation sites for RelA have been described includ-
ing serines 276, 311, 529, and 536.51 Kinases
involved in the phosphorylation of these serine
residues include protein kinase A (PKA), mito-
gen- and stress-activated kinase (MSK)-1, protein
kinase C (PKC)ζ, ribosomal subunit kinase
(RSK)-1, glycogen-synthase kinase (GSK)-3β,
and phosphatidylinositol 3-kinase (PI3K), as well
as the canonical IKKs and TBK1.51 The kinases
involved in serine phosphorylation appear to be
stimuli-specific, e.g. PKA phosphorylates serine
276 in response to LPS while TNF-α triggers the
phosphorylation of serine 276 by MSK1.51

Ultimately serine phosphorylation leads to an
enhancement in the overall transcriptional
response. Similarly, acetylation is important for
regulating NF-κB activity. Also, three main
acetylation sites have been identified within
RelA (lysines 218, 221, and 310).53 The acetyl-
transferases p300 and cAMP response element
binding protein (CBP) seem to be involved in
RelA acetylation in vivo53,54 and acetylation of
RelA was reported to be regulated by phospho-
rylation of its serine residues 276 and 536, as
phosphorylation increases the assembly of
phosphoRelA-p300 complexes.55 Acetylation of
RelA results in different outcomes, as acetylation
of lysine 221 enhances DNA binding and
impairs assembly with IκBα, the acetylation of
lysine 310 is required for full transcriptional 
activity of RelA.51

Inhibiting the amplification of NF-κB activity
due to post-translational modification may 
provide a way to dampen the response generated
by proinflammatory stimuli without affecting the
basal activity of NF-κB, which is suggested to be
beneficial by preventing undesired apoptosis.56

Nuclear translocation of NF-κB dimers 
allows their binding to κB sites in the promoter
of the target gene. Several studies have
attempted to identify DNA sequence specificity
of different NF-κB dimers.8,57–63 However, κB
sites display a remarkably variable consensus
sequence.8 The classical κB nucleotide sequence
is G-G-G-R-N-N-Y-Y-C-C8 (where N = any base,
R = purine, and Y = pyrimidine). This may sug-
gest the possibility that the κB site, rather than

determining the ability of a particular dimer to
bind effectively, affects which coactivator forms
productive interactions with the bound NF-κB
dimer. Unpublished results from our group sug-
gest that even greater complexity of regulation
of gene expression by κB sites exists. The κB sites
of the TNF-α gene may be both inhibitory 
and stimulatory under specific conditions. One
possible explanation is that the binding sites
may affect the tertiary structure of the activation
complex.

NF-κB activators and its outputs

The NF-κB pathway described above integrates
signals from a wide range of stimuli and in turn
activates numerous cellular responses.64 This
section will discuss NF-κB activation in the 
context of inflammation.

The canonical pathway is mainly stimulated
by inflammatory signals including TNF-α, 
IL-1, IL-17, and CD40 ligand (CD40L), as well as
pathogen-associated molecular patterns (PAMPs)
recognized by TLRs and nucleotide oligomeriza-
tion domain (NOD) receptors.65–68 The activation
of NF-κB by these stimuli leads to the expression
of inflammatory mediators such as cytokines,
chemokines, cell adhesion molecules, inducible
nitric oxide synthase (iNOS), anti-apoptotic 
proteins, costimulatory molecules, matrix metal-
loproteinases (MMPs), and cyclooxygenase
(COX).69 The canonical NF-κB pathway leads to
the maturation and activation of macrophages
and dendritic cells (DCs) and consequently to
the induction of the innate and adaptive
immune response and inflammation. In the case
of TNF-α-induced signaling, NF-κB has been
shown to be an activator of anti-apoptotic gene
expression.70–73 This outcome of NF-κB signaling
has been shown to depend on the termination of
c-Jun N-terminal kinase (JNK) activation.74,75

Therefore, TNF-α signaling may result in apop-
tosis, if JNK is activated, or proliferation, if 
NF-κB activation prevails.76 This indicates that
these signaling pathways are not strictly linear
but that there is cross-talk between different sig-
naling pathways taking place which influences
the outcome of receptor stimulation. Therefore, 
inhibition of one signaling pathway may also
affect the outcome of other signaling pathways.
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In addition, NF-κB exhibits different activation
dynamics depending on the stimulus. While
showing an oscillatory dynamic when stimulated
with TNF-α, this is not observed when stimulated
with the TLR4 ligand LPS.77 These differences are
associated with distinct signaling pathways
induced by those stimuli.

Strong inducers of the alternative NF-κB
pathway are lymphotoxin (LT), CD40L, and 
B-lymphocyte stimulator (BLyS). Unlike the
canonical pathway, activation of the alternative
NF-κB pathway plays a major role in lymphoid
organogenesis and humoral immunity through
inducing B-cell maturation.49

The strong induction of immunity and
inflammatory mediators requires a robust regu-
lation of NF-κB activation. Evidence suggests
that a defect or breakdown of regulatory mecha-
nisms could lead to an exaggerated immune
response and inflammatory diseases.78 Therefore,
NF-κB is a logical target for the treatment of
inflammatory diseases.

INVOLVEMENT OF NF-κB IN 
RHEUMATOLOGICAL DISEASES

Initial evidence for an involvement of NF-κB in
RA originated from the detection of NF-κB
dimers in the nucleus of macrophages and
fibroblast-like synoviocytes of patients with
early and later stage RA.79–81 This observation
has also been made in other inflammatory 
diseases including sarcoidosis.82 Overexpression
of the endogenous NF-κB inhibitor IκBα in dis-
sociated synovial membrane cultures from RA
patients resulted in attenuation of proinflamma-
tory mediators such as TNF-α, IL-1β, IL-6, and
IL-8.83,84 In contrast, expression of the anti-
inflammatory IL-1Ra and IL-10 were unaffected,
further confirming a specific functional role of
NF-κB in driving inflammation in conditions
such as RA84 (Figure 47.2). Similarly, the overex-
pression of IκBα potently inhibited the expres-
sion of MMP-1, -3, and -13, while the expression
of their endogenous inhibitor, tissue inhibitor of
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metalloproteinase (TIMP)-1, was unaffected.84

Comparable results were obtained in synovial
cells obtained from osteoarthritis (OA) patients.85

Further support for an involvement of NF-κB in
the production of proinflammatory cytokines
and destructive enzymes, such as MMPs,
resulted from experiments using a dominant
negative version of the upstream activator of
NF-κB, IKK2 (IKK2dn). Overexpression of
IKK2dn resulted in a significant inhibition of 
IL-6 and IL-8, as well as MMP-1, -2, -3, and -13.
However, the expression of TNF-α was only
marginally affected.86 These results would sug-
gest different mechanisms of NF-κB-dependent
gene expression. Besides its function as an
inducer of proinflammatory cytokine expression,
NF-κB activation promotes another aspect of
inflammation by up-regulating cell surface mark-
ers important for antigen presentation by DCs
that lead to T-cell activation. This was shown to
depend on the activation of the canonical NF-κB
pathway, as the expression of IKK2dn inhibited
this process.87 Therefore, in the context of RA the
activation of NF-κB could lead to enhanced
autoantigen presentation by DCs (Figure 47.2).

Activation of NF-κB has an important role in
the generation and maturation of osteoclasts,
which are involved in bone resorption while at
the same time inhibiting differentiation of chon-
drocytes that are essential for repair of damaged
cartilage.88–91 This contributes to the bone destruc-
tion observed in RA. Chondrogenesis requires
activation of sex determining region Y-box
(Sox) 9, which is down-regulated by TNF-α and
IL-1 produced in response to NF-κB activation,
thus inhibiting cartilage formation.90 On the
other hand, NF-κB drives synovial proliferation
which leads to the formation of the pannus,
characteristic of RA (Figure 47.2). Synovial tissue
from patients with RA shows a significantly
higher expression of NF-κB1 in cells at the carti-
lage–pannus junction compared with other
areas.92

Animal models support this central role of
NF-κB. Mice deficient in c-Rel or NF-κB1 are
protected from the development of collagen-
induced arthritis (CIA).93 Similarly, transgenic
expression of the constitutively active form of
the inhibitor IκBα (N-terminally truncated from
amino acids 37 to 317) in the T-cell lineage

resulted in a decreased incidence and severity of
CIA.94 Furthermore, the use of decoy oligonu-
cleotides, which obstruct the binding of NF-κB
to the promoter of the target gene, prevented the
recurrence of streptococcal cell wall (SCW)-
induced arthritis as well as CIA, most probably
due to inhibition of TNF-α and IL-1. Inhibition
of IκBα degradation by the proteasome inhibitor
PS-341 after the onset of polyarthritis in rats also
showed beneficial effects as measured by the
Total Arthritis Index.95

The evidence presented here indicates an
involvement of NF-κB in numerous processes
leading to inflammatory diseases and driving their
progression, making NF-κB an attractive target for
the treatment of rheumatological diseases.

NON-SPECIFIC NF-κB INHIBITORS

A number of anti-inflammatory drugs already in
clinical use may produce some of their anti-
inflammatory action by inhibiting components
of the NF-κB signaling pathway. These include
non-steroidal anti-inflammatory drugs (NSAIDs),
sulfasalazine, glucocorticoids, thiazoledine-
diones (TZDs), triptolide, and thalidomide.
However, in the case of all these drugs it must be
emphasized that there is a multiplicity of targets
in addition to NF-κB.

Non-steroidal anti-inflammatory 
drugs and derivatives

The prototypical NSAID is aspirin (aminosali-
cylic acid), the molecular target of which is COX,
which leads to the formation of prostaglandins
that cause inflammation, swelling, pain, and
fever.96 At high doses salicylic acid can also
inhibit IKK2.97 However, this effect is only seen
at very high doses of salicylic acid, higher than
would routinely be used in the treatment of RA.

Sulfasalazine

Sulfasalazine was originally developed in 
the 1940s as a combined antimicrobial/
anti-inflammatory agent containing sulfapyri-
dine and aminosalicylic acid. It is an established
disease-modifying anti-rheumatoid drug
(DMARD) and is also extensively used in the
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management of ankylosing spondylitis.98 Its
anti-inflammatory effects appear to be mediated
through a number of mechanisms including
induction of autocrine adenosine signaling,99

COX inhibition, and inhibition of NF-κB 
signaling.100 Although the endpoint of inhibited
NF-κB signaling is reduced DNA binding (e.g. to
the IL-12 subunit gene, p40-κB site),100 it is not as
yet clear at which exact point(s) along the NF-κB
pathway sulfasalazine mediates its effects.

Glucocorticoids

Glucocorticoids remain among the most com-
monly used anti-inflammatory drugs. Their
numerous anti-inflammatory actions are medi-
ated by the glucocorticoid receptor (GR), a clas-
sical nuclear hormone receptor that dimerizes
upon ligand binding and acts as a ligand-
inducible transcription factor. The anti-inflam-
matory effects of glucocorticoids are mediated
by numerous mechanisms including inhibition
of the transcription factor activating protein-1
(AP-1), induction of lipocortin-1, and inhibition
of NF-κB signaling.101 Inhibition of NF-κB occurs
by at least two distinct mechanisms. Firstly, the
GR reportedly induces expression of the endoge-
nous NF-κB inhibitor IκBα,102,103 which forms a
negative feedback loop inhibiting nuclear
translocation of NF-κB. Secondly, the GR inhibits
expression of NF-κB target genes,104–106 which is
probably mediated by direct protein–protein
interaction between the GR and NF-κB.107

However, glucocorticoids can have significant side
effects including osteoporosis, type 2 diabetes,
hypertension, upper gastrointestinal tract ulcera-
tion, and increased susceptibility to infection.108

Therefore, the challenge is to design compounds
that show comparable anti-inflammatory efficacy
to glucocorticoids without major side effects. 
Other glucocorticoid derivatives with potent 
NF-κB-inhibiting effects but fewer side effects than
traditional glucocorticoids are under develop-
ment, such as the inhaled glucocorticoid derivative
ciclesonide, for the treatment of asthma.109

Thiazoledinediones

The TZDs are synthetic agonists at the peroxi-
some proliferator-activated receptor (PPAR)γ, a

nuclear receptor involved in the regulation of
metabolic function in tissues including liver,
muscle, and adipose.110 This class of drugs was
developed for the treatment of type 2 diabetes
mellitus and includes troglitazone (now with-
drawn due to several cases of liver failure),111

pioglitazone (Takeda),112 and rosiglitazone
(Glaxo Smith Kline).113 In addition to their anti-
diabetic actions, several lines of evidence also
suggest that these drugs have clinically useful
anti-inflammatory properties and these have
now been ascribed, at least in part, to inhibition
of NF-κB signaling. In animal models including
the carrageenin paw edema model of inflamma-
tion, the CIA model of arthritis,114 and the dextran
sodium sulfate (DSS) model of colitis, rosiglita-
zone reduces inflammation. While there are as yet
no clinical trials of TZDs in arthritis, in an open-
label trial of rosiglitazone in patients with ulcera-
tive colitis, 4 mg twice daily led to a reduction of
severity of the colitis.115 Although congestive car-
diac failure may be exacerbated in patients taking
TZDs116 and a small number also develop abnor-
mal liver function tests,117 these drugs are gener-
ally well tolerated and safe for the majority of
patients. Several mechanisms of inhibition of 
NF-κB by TZDs have been hypothesized,118–120

including reduction in RelA expression.118,119

Thalidomide

Thalidomide was originally developed in the
1950s as a treatment for hyperemesis gravi-
darum but was withdrawn in 1961 as its terato-
genic effects became apparent. However, it has
become recognized as an immunomodulatory
agent and has been successfully used in the
treatment of inflammatory conditions including
human immunodeficiency virus (HIV)-associated
aphthous ulceration and inflammatory bowel
disease.121 NF-κB inhibition has been suggested
as a mechanism of action of thalidomide in
inflammation.122,123 In particular, it appears that
thalidomide may inhibit the phosphorylation of
IκBα.124 There are as yet no reported trials 
of thalidomide in RA; however, clinical trials of
thalidomide in inflammatory bowel disease
indicate that not only is it a clinically efficacious
anti-inflammatory agent but it also has an
acceptable safety and side effect profile.125
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Triptolide

The anti-rheumatic properties of extracts of the
Chinese herbal remedy Tripterygium wilfordii
Hook F (thunder god vine, lei gong teng)126 have
been recognized for many years. The active
ingredient has been identified as a diterpene
triepoxide, triptolide (Table 47.1).127 In vitro trip-
tolide inhibits TNF-α- and IL-1β-induced tran-
scription of inflammatory cytokines. Inhibition
occurs after NF-κB DNA-binding, by either
interfering with post-transcriptional modifica-
tions of RelA or interfering with the recruitment
of transcription cofactors.128 Beside the inhibi-
tion of NF-κB, triptolide was also shown to
inhibit the transcription factors, nuclear factor
activating T cells (NF-AT) and AP-1 at the level
of nuclear translocation.128–130 A recent double-
blind placebo-controlled trial of an ethanol/ethyl
acetate extract of Tripterygium wilfordii Hook F in
patients with long-standing RA that was resist-
ant to conventional therapy showed that most
patients achieved an American College of
Rheumatalogists score (ACR) 20% response and
significant improvements in objective markers
of inflammation. No serious side effects were
observed.131

TARGETED THERAPIES

Although a number of anti-inflammatory agents
currently in clinical use may act in part by inhi-
bition of NF-κB, they also have other targets and
are all limited by significant side effects. It is
therefore desirable that drugs with more specific
mechanisms of action are developed providing a
decreased risk of undesirable side effects. In this
section we will therefore review some of the
compounds currently under development that
are designed to inhibit specific components of
the NF-κB signaling pathways.

IKK2 inhibitors

Numerous elements in the activation pathway of
NF-κB are currently under investigation for their
feasibility as therapeutic targets. Inhibitors for the
kinases IKK1 and IKK2 would provide a specific
inhibition of NF-κB activation while leaving other
signaling pathways intact. Therefore, intensive

effort has been made in the development of
these inhibitors (reviewed by Karin et al.).132

Although IKK1 would be an attractive target for
the treatment of autoimmune diseases, no potent
and specific inhibitor has been described so far.
However, several IKK2 inhibitors are in their
preclinical developmental stages and showed an
effect in models of arthritis.

SPC-839 is a quinazoline analog and an ATP-
competitive inhibitor of IKK2.132 It inhibits IKK2
with an IC50 of 62 nM compared with inhibition
of IKK1 with an IC50 of 13 µM.132 Treatment of
rat adjuvant arthritis with SPC-839 led to a
reduction in paw swelling and radiographic
damage.133 An inhibition of NF-κB activation in
LPS-challenged rats was already detectable at a
dose of 10 mg/kg.132 Another well-studied IKK2
inhibitor is BMS-345541. Tested in the human
monocytic cell line THP-1, this compound
blocked the release of LPS-induced TNF-α, 
IL-1β, IL-8, and IL-6 with an IC50 in a range
between 1 and 5 µM.134 More recently, it was
shown that BMS-345541 successfully blocks the
release of MMP-9 in RAW 264.7 cells in response
to the TLR9 ligand CpG DNA.135 Furthermore,
CIA mice treated with BMS-345541 showed signif-
icantly reduced joint inflammation and destruc-
tion.136 However, this effect was only observed if
BMS-345541 was administered prophylactically
before the induction of disease.

A more recently described IKK2 inhibitor is
ML120B, with an IC50 of 60 nM, as evaluated in
an in vitro kinase assay.137 ML120B inhibited the
induction of RANTES (regulated on activation,
normal T-cell expressed and secreted) in TNF-α-
or IL-1β-stimulated human fibroblast-like 
synoviocytes.137 Moreover, the expression of
TNF-α, IL-1β, and IL-6 was also inhibited in
LPS- or peptidoglycan (PGN)-stimulated human
mast cells as well as the expression of MMP-1
and MMP-13 in human chondrocytes stimulated
with IL-1.137 These results suggest that ML120B
is a potent inhibitor of NF-κB in RA-relevant cell
systems. Furthermore, ML120B was shown to
block the differentiation and maturation of T
cells and B cells and to inhibit the expression of
numerous proinflammatory mediators such as
IL-6, IL-8, and RANTES in human airway
smooth muscle cells.138 The inhibition of these
cytokines and chemokines using ML120B was
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Table 47.1 NF-κB targeted anti-inflammatory drugs in current clinical use and undergoing development

Drug Structure Target/mode of action Trials Refs

Triptolide p65 post-transcriptional RA, phase II 127–130,163
modifications

NF-κB co-activator 
recruitment

Sulfasalazine NF-κB DNA binding RA, RCTs 100,164

NFkappaB decoy 5′-CCTTGAAGGGATTT NF-κB DNA binding Phase I in HIV  143,165,
oligo CCCTCC-3′ skin disease, 166,167

(phosphorothioate) phase II in 
atopic 
dermatitis

Steroids, e.g.  Trans-repression of NF-κB RA, RCTs 106,107,168
prednisolone

PPARγ agonists, Trans-repression of DM, RCTs 114
e.g. rosiglitazone NF-κB

SPC-839 IKK2 inhibitor No clinical trial 132,133
data available
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either as effective as or more effective than 
dexamethasone.138

Proteasome inhibitors

Following the phosphorylation and ubiquitination
of IκBα, it is degraded by the proteasome and

releases the NF-κB dimer to translocate to the
nucleus.139 Therefore, targeting the proteasome
could prevent the nuclear translocation of 
NF-κB. A proteasome inhibitor already approved
by the US Food and Drug Administration (FDA)
for the treatment of multiple myeloma is borte-
zomib (Millenium).140 Another proteasome
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Table 47.1 NF-κB targeted anti-inflammatory drugs in current clinical use and undergoing 
development—cont’d

Drug Structure Target/mode of action Trials Refs

BMS-345541 IKK2 inhibitor No clinical trial 134–136,140
data available

ML120B IKK2 inhibitor No clinical trial 138,137
data available

Bortezomib Proteasome inhibitor Approved by 142,141
FDA for 
multiple 
myeloma

NBD C-terminus of IKK1 and IKK2 NF-κB dimerization No clinical 89,152–154
trial data 
available

SN50 NLD of NF-kappaB1 Nuclear localization of No clinical 144–149
NF-kappaB trial data 

available
PTP-p65-P1 Amino acids 271–282 of RelA Transactivation of RelA No clinical 150

trial data 
available

Thalidomide IKK IBD, juvenile 124,169–171
RA, and 
ankylosing 
spondylitis

RCT, randomized controlled trials; IBD, inflammatory bowel disease; CIA, collagen-induced arthritis; IKK2, inhibitor of kappa kinase 2; 
FDA, Federal Drug Authority; NBD, NEMO binding domain; T2DM, type 2 diabetes mellitus; NLD, nuclear localization domain.
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inhibitor currently in clinical trials for multiple
myeloma is PR171 (Proteolix). However,
because the proteasome is involved in a great
variety of regulatory processes, the effects gener-
ated are non-specific. Adverse effects observed
after bortezomib treatment include infections of
the upper respiratory tract, lymphopenia, and
thrombocytopenia.141,142 Because the treatment
of chronic inflammatory diseases such as RA
makes it necessary to administer therapies over
a long period of time, such side effects are likely
to be unacceptable.

NF-κB decoy oligos

Since NF-κB functions by binding specific DNA
sequences in the promoters of target genes,
novel NF-κB targeted anti-inflammatory drugs
utilizing the DNA-binding properties of the 
NF-κB heterodimers may provide future therapies.
One approach to achieve this is the therapeutic
use of phosphothiorate deoxyribonucleic acid
oligomers. Several in vitro experimental models
of this approach have been reported, such as the
use of folate-linked lipid-based nanoparticles to
transfect macrophages with NF-κB decoy
oligos.143 In the RAW264.7 murine macrophage
cell line, these were found to potently inhibit the
translocation of NF-κB from cytoplasm to the
nucleus, following LPS stimulation.143 Such
agents are already in clinical trials for atopic der-
matitis (NIH Clinical Trials Identifier NCT
00125333). These trials are ongoing and no
results are available yet. If it were possible to
safely and effectively deliver such decoy oligos
to the inflamed joint then these would also form
attractive treatments for RA.

NF-κB inhibitory peptides

An alternative approach to inhibit NF-κB activa-
tion is to block the interaction of molecules
involved in NF-κB signaling using short peptide
sequences. The first member of this class of
inhibitors described was SN50, which contained
the nuclear localization domain sequence of 
NF-κB1.144 SN50 was shown to block NF-κB in
numerous cell lines in response to the HIV enve-
lope protein glycoprotein (gp) 120 and staphylo-
coccal enterotoxin B.145,146 Furthermore, SN50

was reported to protect rats from acute pancre-
atitis as well as showing efficacy in the treatment
of corneal alkali burns in mice.147,148 However,
SN50 also affects the nuclear translocation of
STATs (signal transducer and activator of tran-
scription), AP-1, and NF-AT.149 This proof of
principle of inhibiting NF-κB through blocking
specific interaction of signaling components led
to the development of several other inhibitory
peptides. In contrast to SN50, the PTD-p65-P1
peptide was reported to specifically inhibit 
TNF-α-induced NF-κB activation without affect-
ing other transcription factors.150 PTD-p65-P1
corresponds to the amino acid residues 271–282
of RelA. It was reported to block the phosphory-
lation of serines 276, 529, and 536 of RelA,
thereby inhibiting transactivation of RelA with-
out affecting IκBα degradation.150 However, no
in vivo studies confirming the inhibitory effect of
PTD-p65-P1 are available so far. The cell-perme-
able peptide NBD consists of six amino acids
(Leu, Asp, Trp, Ser, Trp, Leu), which correspond
to the C-terminus of IKK1 as well as IKK2 that is
responsible for the association with NEMO.151

Numerous studies have investigated the effect
of NBD administration on NF-κB activation in
models of inflammatory arthritis. The adminis-
tration of NBD to mice before the onset of inflam-
matory arthritis inhibited cytokine-induced
osteoclasts formation and thereby inhibited bone
erosion in the joints of those mice.152 Similarly,
the administration of NBD into mice at the onset
of CIA reduced the severity of the inflammatory
arthritis by impairing the production of TNF-α
and IL-1 and thereby reducing joint swelling and
the destruction of bone and cartilage.89 Also,
NBD given at the onset of carrageenin-induced
paw edema led to a reduction in edema forma-
tion and cellular infiltration into the paws of the
mice.153 In all of the animal studies described
above NBD was administered before or at the
onset of inflammation, therefore, it is unclear if
NBD exhibits an effect on an already established
inflammatory disease. However, initial results
obtained from in vitro studies using fibroblast-
like synoviocytes and macrophages from RA
patients also suggest a positive effect of NBD on
RA treatment in humans.154 When given to ex vivo
cultured RA synovial tissue or RA fibroblast-
like synoviocytes, it inhibited the spontaneous
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release of IL-1β, TNF-α, and IL-6.154 Moreover,
NBD inhibited IL-1β-induced expression of TNF-α
in human macrophages.154 These results indicate
that NBD might be a promising future therapeutic
in rheumatological diseases, which is able to
inhibit NF-κB specifically. However, the use of
peptide drugs is limited by the requirement for a
parenteral route of administration. The ultimate
goal would therefore be to identify pep-
tidometic, orally bioavailable, small molecular
weight compounds to replace such peptides.

POTENTIAL FUTURE TARGETS

In addition to the targets describe above, there
remain a number of targets in the NF-κB signaling
pathway that have so far not been exploited for
development of targeted anti-inflammatory
drugs. In this section, the potential for develop-
ing targeted therapies to inhibit some of these
will be discussed.

Ubiquitin ligase inhibition

Following IκBα phosphorylation by IKKs, E3
ubiquitin ligase targets IκBα for proteasomal
degradation by addition of poly-ubiquitin side
chains. Inhibition of the E3 ligase is therefore 
a potential mechanism for modulating NF-κB
signaling. Such an approach is already being uti-
lized in the oncology field155 by means of high
throughput screening to identify inhibitors of
anaphase promoting complex (APC) E3 ligase.
However, E3 ubiquitin ligases are involved in
numerous cellular processes, therefore, their
inhibition might lead to a broad range of adverse
effects as is observed with proteasome
inhibitors.

Phosphorylation of RelA

Post-translational covalent modification of Rel
family members appears to be a key regulatory
step in NF-κB signaling.46,156 Thus phosphoryla-
tion of serine residues in RelA represents poten-
tial targets. Since kinase inhibition is a well
established route of drug development, such an
approach should be readily amenable to a high
throughput small molecule screening approach
similar to that used in the identification of 

IKK inhibitors.157 Kinases reported to be
involved in serine phosphorylation of RelA
include PKA, MSK-1, PKCζ, RSK-1, GSK-3β,
PI3K, IKK1, IKK2, TBK1,51 and Bruton’s tyrosine
kinase (Btk).156,158 As some of these kinases
appear to be restricted to particular stimuli, their
inhibition raises the prospect of highly specific
future therapies. Moreover, this approach would
potentially have the advantage of inhibiting the
amplification of the stimulated NF-κB signal
while leaving its basal activity unaffected.

Inhibition of translocation

One of the key steps in NF-κB activation is
nuclear translocation. Thus, nuclear–cytoplasmic
shuttling presents an attractive potential target
for inhibition of NF-κB-induced inflammation
and it can be envisaged that drugs to inhibit
transport through the nuclear pore complex
(NPC)159 could be developed. Some interest has
already been shown in this target for drug devel-
opment by researchers in other areas such as
HIV.160,161

Gene therapy

An approach to circumvent potential systemic
toxicity of NF-κB targeted therapies for arthritis
is to administer therapy selectively to the
affected joints by means of gene therapy. A study
of the use of recombinant adeno-associated virus
(rAAV) in the rat adjuvant arthritis model162

showed that a single intra-articular injection of
rAAV encoding IKK2dn produced significant
reductions in paw swelling and production of
IL-6 and TNF-α in the treated joint. Such work
raises the possibility of NF-κB targeted gene
therapy becoming a viable option for the treat-
ment of arthritis in humans. Indeed, a phase II
gene therapy trial sponsored by the Targeted
Genetics Coporation, USA is already recruiting
(clinical trials identifier, NCT00126724) in which
patients with inflammatory arthritis (including
patients who are already on anti-TNF therapy 
or on classical DMARDS) receive repeat 
intra-articular injections of an adeno-associated
vector designed to express human TNF receptor
(TNFR)-immunoglobulin (IgG1) Fc fusion 
protein.
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CONCLUSION

The central role of NF-κB in inflammation and
immunity makes it a legitimate target for the
treatment of inflammatory diseases. In vitro as
well as in vivo studies confirm the central
involvement of NF-κB in rheumatological 
diseases including RA and OA. NF-κB inhibition
causes significant reduction in the disease activity
of CIA and SCW models of RA and the improve-
ment observed in these models of RA appears to
be due to inhibition of NF-κB-dependent expres-
sion of proinflammatory mediators as well as
enzymes including MMPs that are responsible
for joint destruction.

Considerable effort has been made to develop
therapeutically useful inhibitors of NF-κB.
However, the treatment of chronic inflammation

requires a therapy to be administered over a long
period of time, making significant side effects –
as is observed, for example, with proteasome
inhibitors – unacceptable.

The NF-κB pathway shows a high degree of
convergence, whereby signals from a wide range
of receptors are processed through a central sig-
nalling pathway comprising the IKK/IκB/NF-κB
cascade (Figure 47.3). Subsequently, NF-κB 
signaling diverges and results in numerous 
cellular responses due to the induction of a great
variety of genes (Figure 47.3). However, more
recent work is beginning to unveil the complexity
of the NF-κB system and its regulation. For exam-
ple, the discovery of the role of NF-κB transactiva-
tion in ‘fine tuning’ gene induction adds another
layer of complexity to this signaling system.51
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Future therapies based on inhibiting NF-κB
signaling could be divided into three possible
categories (Figure 47.3). Inhibition of the recep-
tor or receptor proximal signal transducers
would be specific for one stimulus; however, it
might affect, several signaling pathways
induced by this receptor. This would be a prom-
ising therapy if the stimulus, responsible for the
condition which is treated, is already identified.
On the other hand, while inhibiting central com-
ponents of the NF-κB pathway (e.g. IKK complex,
IκBα degradation) would exert only limited
effects on other signaling pathways, it may be
expected to produce a more global inhibition of
NF-κB and therefore result in significant adverse
effects. A third possibility would be the target-
ing of specific NF-κB outputs. Anti-TNF therapy
is one such example; in the future siRNA-based
therapies may provide another approach.

However, in addition to mediating pathologi-
cal inflammation, NF-κB is also necessary for
host defense and thus global inhibition of NF-κB
would lead to an unacceptable range of side
effects including serious infections. In order to
utilize the therapeutic potential of NF-κB inhibi-
tion, it will be necessary to further study the 
regulation of NF-κB and its involvement in 
specific conditions including RA and OA. This
knowledge will facilitate future development of
compounds that are more precisely targeted,
thereby giving greater therapeutic efficacy with
fewer side effects.
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INTRODUCTION

Outcomes assessment is a crucial element in the
optimal care of patients with rheumatic diseases.
The term ‘outcome’, however, relates to different
aspects of the disease depending on which 
surrogate of the pathophysiology one is looking
at and whose perspective one is taking. From a
pathophysiological aspect, disease activity,
accumulating damage, and the ultimate conse-
quences of the underlying events, functional
impairment: are three essential features. From a
more individual perspective, the trialist will use
the term outcome(s) in relation to those attributes
of the disease that constitute the primary end-
points to be influenced by short- or intermediate-
term therapeutic interventions in clinical trials.
The clinician will primarily be interested in
improvement of disease activity and those elements
that reflect patient’s satisfaction; the patient’s
perspective will be best mirrored by patient-
reported ‘outcomes’, such as pain and physical
and social functioning. Finally, epidemiologists
and health service researchers will often con-
sider ‘outcome’ as something more remote,
some characteristic future disease states that
need to be prevented, or focus on long-term eco-
nomic aspects.

In general, outcome measures can consist of
measures that reflect individual disease character-
istics or composite indices. Moreover, they can be
disease-specific, organ-specific (if defining an
organ as a group of tissues that fulfill particular
functions, such as in the current context the joints
or the spine), or generic (referring to an instru-
ment’s applicability to various diseases as opposed

to ‘disease-specificity’ or ‘organ-specificity’). 
The purpose of this chapter is to give an overview
of the most common measures that are used to
follow the clinical course of inflammatory joint 
diseases, which are the entities that have the worst
disease outcomes (in the meaning of the epidemi-
ologist),1–3 while at the same time, they are clearly
the ones that are most amenable to improvement
by current therapies. They comprise rheumatoid
arthritis (RA), psoriatic arthritis (PsA), and anky-
losing spondylitis (AS).

Since, as discussed above, the term ‘out-
comes’ is very wide, the focus of this chapter is
to present the various disease activity measures
that are commonly used. In this sense, we will
rather take the perspective of the patient, the
physician, or the trialist, and we do not focus on
long-term consequences (the epidemiologist’s
perspective). Therefore radiographic damage,
which is a chapter on its own for these three 
diseases, will also not be discussed here.
However, in some instances, the trade-off
between the disease process and disease out-
come is not always separable, as in the instance
of measures of function, which can be used as
surrogates of disease activity to follow patients
in clinical practice,4 while they also partly repre-
sent a component that is related to the destruc-
tive consequences of the disease.5

DOMAINS – THE ‘CORE SET’ MEASURES 
AND MORE

One term that is closely linked to the assessment of
disease activity is ‘core set’. Partly independently,
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the American College of Rheumatology (ACR),
the European League Against Rheumatism
(EULAR), and the World Health Organization
(WHO), have developed sets of disease activity
attributes in an effort to create consistency in
applied measures and trial reports.6–8

For RA, these measures included swollen and
tender joint counts (SJC, TJC), patient assess-
ment of pain, patient and evaluator global
assessment of disease activity (PGA, EGA), and
a measure of the acute phase response (APR). 
It seems reasonable that these measures, at least
partly, should be used for actual disease activity
evaluation and response to therapy also in clinical
practice. The ACR and WHO disease activity
core sets also include measures of physical 
function, which are regarded as outcome meas-
ures in the EULAR core set. Structural damage is
yet another outcome measure; as explained in
the introduction, the respective measures will
not be covered within the scope of this chapter.
Table 48.1 provides a synopsis of domains and
measures.

The RA core set measures are usually evaluated
also in PsA. PGA and EGA as well as the assess-
ment of pain are most commonly measured on
visual analog scales (VAS). APR are also evalu-
ated, although their elevation, even in active
PsA, is less reliably associated with the active
arthritic process. Joint counts and functional
measures have been partly adapted for PsA.

In 1999, a core set to assess outcome in AS was
proposed by the Assessment in Ankylosing
Spondylitis (ASAS) International Working
Group.9 This AS outcome core set consists of the
following domains: physical function, spinal
mobility, patient global, pain, morning stiffness,
fatigue, number of swollen joints, erythrocyte
sedimentation rate, radiographs of the spine 
and the hips, and enthesitis. The ASAS also 
outlined the specific instruments for each
domain; they will be discussed in the appropri-
ate sections below.

Pain levels

Pain is the most prominent symptom of rheumatic
diseases. There are numerous reliable methods of
pain assessment,10–12 but most commonly, pain is
measured on a 100 mm horizontal VAS.13–15

Usually, the past week is evaluated. Horizontal
and vertical VAS are well correlated, but vertical
scales tend to produce higher values.15 There is
evidence suggesting that patients might differ
considerably in their ability to use the VAS,13

but the VAS remains the most prominent 
instrument for the evaluation of pain in rheu-
matic diseases.

Patient and evaluator assessment of global
disease activity (PGA, EGA)

The global level of disease activity can also be
directly rated by a patient or physician/evalua-
tor. Like pain scores, these two further core set
variables for RA are also typically assessed on
100 mm VAS and, at least in RA, one of them is
rarely assessed without the other. While PGA is
a patient-derived measure (a ‘subjective’ measure),
and EGA is observer-derived (i.e. a more ‘objective’
measure), they still correlate relatively well,
although PGA is frequently rated higher than
EGA.16 This systematic difference is seen in most
clinical trial and observational databases and is a
good argument for evaluating both6,8 (‘averaging’
effect), which in fact is a requirement of several
composite indices of disease activity.16,17

In AS, a single VAS to assess global well-
being has also been proposed, the Bath
Ankylosing Spondylitis Global Score (BAS-G),18

which has been shown to be reliable and to 
correlate well with the BASDAI (see section on
composite indices). However, the BAS-G
assesses the impact of AS on a patient’s well-
being, and can therefore be regarded as a meas-
ure of disease activity, a measure of functional
limitation, or both.

Acute phase reactants

Acute phase reactants (APRs) are most impor-
tant in peripheral joint disease, that is, especially
RA and (less so) PsA, but not in isolated spinal
disease, as commonly seen in AS. The most 
frequently used APRs are C-reactive protein
(CRP) and erythrocyte sedimentation rate (ESR).
These markers are universally employed in
studies and clinical practice; the APR correlates
well with clinical disease activity, and the time
integrated APR also correlates well with disease 
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Table 48.1 Synopsis of domains and measures

Variable Rheumatoid arthritis Psoriatic arthritis Ankylosing spondylitis

Individual domains
Pain levels VAS (horizontal; patients differ in their ability of to complete scales)
Patient global assessment BAS-G (evaluates 

(PGA) VAS for both (rarely one without the other, ‘averaging global health 
effect’; EGA systematically lower than PGA rather than mere 

disease activity)
Evaluator global Less frequently 

assessment (EGA) assessed than in 
RA/PsA

Acute phase reactants C-reactive protein ESR Less important Not relevant if no 
(APRs) than in RA peripheral joint 

disease
Swollen and tender joint ACR joint count (66/68) Joint counts Not applicable

counts (SJC/TJC) used in clinical trials; adapted from RA 
28-joint count in both trials (ACR joint + DIP 
and practice (most joints of the feet 
feasible, high validity) and CMCs on 

both sides as one 
joint; 76/78)

Dactylitis Not applicable Simple count of digits Not applicable
has been used in 
trials (poor sensitivity
to change)

Tendonitis Not applicable No measure available Not applicable
Enthesitis Not applicable Mander index Mander index

(66 tendon sites)
MASES (13 sites) MASES

Spine Not applicable No specific measures available
Skin assessment Not applicable PASI score (most Not applicable

relevant)
Lattice index

Physical function HAQ (and modifications) HAQ HAQ-S
SF-36 HAQ-SK BASMI
AIMS (AIMS2, AIMS2-SF) HAQ-S BASFI
Metrologic functional 

measures (e.g. grip strength)
Combined measures
Composite indices DAS No measure available No measure available

DAS28
SDAI
CDAI

Self-report instruments RADAR No measure available BASDAI
RADAI

Response criteria ACR response PsARC ASAS response
EULAR response ACR response
SDAI/CDAI response EULAR response
ACR-N
ACR-hybrid
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outcomes, such as radiographic progression.19–22

In most cases, APRs do not add information if
clinical information from joint counts, PGA, and
EGA are available.16 In cases where APR is
clearly higher than the respective clinical measures,
this is usually due to infection or other causes of
inflammation not related to the rheumatic 
disease. On the other hand, if APR is low and as
such discrepant to high clinical disease activity,
it is likely to be neglected in the assessment of a
patient with a rheumatic disease and in the
respective therapeutic considerations. In addition,
APR measures are normal in many patients with
RA at their first presentation23 and, therefore,
some clinical trials of early RA allowed inclusion
of patients with normal CRP and ESR.24 Many
other APRs are known, such as serum amyloid
A (SAA), IL-6, or hepcidin, and likewise many
other immunoinflammatory biomarkers, such as
tumor necrosis factor (TNF)-a, RANKL, matrix
metalloproteinases, are well known. However,
for many of them, the clinical usefulness of
determination has not yet been clearly estab-
lished, partly because they are currently too
expensive or too tedious to perform.

Swollen and tender joint counts

Joint assessment is a very obvious element of
disease activity evaluation in polyarticular 
diseases. Therefore, counting the number of
affected joints seems to be most reasonable in
RA and PsA, while in AS, due to its infrequent
involvement of peripheral joints, is seems to be
less informative. Joint involvement is typically
evaluated for soft tissue swelling and effusion
(swollen joint count, SJC) and tenderness on
pressure or motion (tender joint count, TJC).
There is evidence of some usefulness of counting
deformed joints,25,26 but this is not commonly
done. Several joint indices and counts have been
developed over the past 50 years,27,28 which
mostly differ simply by the number of joints
assessed. There are some exceptions, including
the ‘weighted’ joint counts, which weight joints
by their surface area, and ‘graded’ joint counts,
which weight joints by severity of swelling or
tenderness.29–38

The chronology of their development dates
back to the Lansbury Index,29 in which swelling

and tenderness in 86 joints were graded as 
minimal, slight, moderate, or maximal, and also
weighted for joint surface area. Another early
index, the Ritchie Articular Index, which is also
used in the original Disease Activity Score (DAS;
see below) assesses graded tenderness in 26 joint
areas32 and was later simplified by Hart to
exclude the grading by severity, which is a major
cause of inter-rater disagreement.33 Today, the
most commonly employed indices are the 
comprehensive 66/68-joint count, as suggested by
the American Rheumatism Association (ARA;
now American College of Rheumatology, ACR)
in 1965,30 and its simplification to the 
28-joint count.36 They have been shown to have
similar validity and reliability.39,40 Among other
regions, the 28-joint counts also spare the assess-
ment of the foot and ankle joints, since both
swelling and tenderness in these joints are fre-
quently confounded by disorders other than
RA.36,40 The feet can be included using a 32-joint
count, although it is not more reliable than 
the 28-joint count, even for the assessment of
remission.35 At the present time, it seems most
sensible to use the 28-joint count as a simple and
validated measure, unless the more comprehen-
sive joint counts are easily obtainable from a
logistic and a cost perspective in trials and prac-
tice. The 28-joint count has been adopted by the
EULAR, and is widely accepted.41 Importantly,
the 28-joint count has also been reliably employed
in clinical trials,42,43 especially as the joint count
contained in several composite indices (see
below) employed as primary and secondary end-
points for disease activity assessment.

In patients with PsA, the 66/68 (ACR) joint
count30 has also been shown to be a reliable
instrument.44,45 A modification of the ACR joint
count that includes assessment of the distal
interphalangeal (DIP) joints of the feet and the
carpometacarpal joints of the hands (counted as
1 unit on each side) was also derived, resulting
in 76/78 joints. Also, a graded (0–3) version of
the ACR joint count is used;46 however, this
index was shown to be less reliable compared
with the ungraded ACR joint count.47 Although
not validated, the 28-joint count36 has also been
used in PsA, especially for the purpose of calcu-
lation of composite indices, such as the DAS28
(see below). However, the high prevalence of
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DIP joint involvement makes it a potentially less
sensible instrument in PsA.

Dactylitis

Dactylitis is a feature that is typical for PsA. 
It is defined as the swelling of a whole digit,
which is often referred to as a ‘sausage’ digit.
Approximately 40% of patients with PsA
develop dactylitis.48 It is most likely related to
inflammation of the tendons and the joints in the
affected digit and it can have an acute (swelling,
redness, pain) or chronic (swelling without signs
of acute inflammation) presentation. Dactylitis
carries an increased risk of radiographic pro-
gression of joint damage.49 The simple number
of digits with dactylitis has been used in several
clinical trials,50,51 but more quantitative methods
may be needed to enhance sensitivity to change.

Tendonitis and Enthesitis

Tendonitis frequently occurs in patients with
PsA, but no measure of tendon inflammation
has yet been used in clinical trials, let alone been
validated. Enthesitis, relates to inflammation of
tendon insertion sites and is a common feature
in spondylarthropathies including AS and PsA.
These sites most frequently include the inser-
tions of the Achilles tendon and the plantar
fascia to the calcaneus, and tendon insertions to
the pelvis and thorax. Two measures have been
proposed for use in spondylarthropathies, but
have been derived in patients with ankylosing
spondylitis. The Mander Index52 requires assess-
ment of 66 sites, which limits its feasibility in
clinical trials or practice. Also, it is often difficult
to discern true enthesitis from trigger points in
(secondary) fibromyalgia. The Maastricht
Ankylosing Spondylitis Enthesitis Score (MASES)53

evaluates only 13 sites. However, the reliability
of the assessment of enthesitis is moderate at
best, and is different depending on the site of
enthesitis.45 A simple count of enthesitic sites has
been used in clinical trials.51,54

Spine

The most characteristic clinical symptoms of
spondylitis are back pain and stiffness, which

tend to worsen after prolonged periods of 
inactivity. Unlike in ankylosing spondylitis,
axial involvement in PsA is less consistent, less
severe, and more heterogeneous. Spondylitis is
found in up to half,55 and sacroiliitis in up 
to one of four patients with PsA.48,56 The clinical
measures used to evaluate spondylitis 
and sacroiliitis do not differ between PsA 
and AS, and have mostly been developed for AS.
However, aside from the BASDAI (discussed in
the section on composite indices below), the
BAS-G (discussed in the section on global scores
above), and the ASAS response criteria (dis-
cussed in the section on response criteria), 
there are no other specific instruments that
measure or at least include the assessment of
spondylitis.

Skin

Skin involvement is only an issue in PsA, and
psoriatic skin involvement is highly reflected in
the quality of life measures and patient global
assessments. Various physician global assessment
scales are available to quantify the severity of
psoriasis. These scales are widely used,57 and
have been primary outcomes in trials of psoriasis.58

However, the most common instrument is the
Psoriasis Area and Severity Index (PASI).59

In the PASI, the body is divided into four areas
(head, upper and lower extremity, and trunk).
Each area is rated from 0 to 4 for average red-
ness, induration, and scaling of lesions and the
numbers are summed and weighted by surface
area. The total PASI is the sum of all four areas.
It has been a reliable tool in clinical trials of 
biologics in psoriasis and PsA,51,58,60 and 50%
and 75% improvement in PASI is a clinically
meaningful endpoint.61

There are a number of alternatives in patients
with less severe psoriasis,57 of which the Lattice
Index62 appears to be better understood by
patients and physicians than the PASI due to its
static step score. In contrast to the PASI, it 
evaluates patients globally rather than by areas,
and rates the different qualities on an eight-step
scale. It has been shown to be well correlated
with both the PASI and the physician global
score, and may have even better reliability than
the PASI.62

OUTCOMES ASSESSMENT IN RHEUMATIC DISEASE 605

9781841844848-Ch48  8/10/07  2:02 PM  Page 605



Physical function

Instruments that allow measurement of physical
function can be divided into self-report question-
naires and quantitative objective instruments.

Likely the most important generic self-reported
measure of physical function is the Medical
Outcomes Study Short Form-36 (SF-36).63 Two
main summary scores can be calculated from the
36 items and 8 scales of the SF-36, the physical
component and the mental component. By virtue
of its validity, reliability, and good psychometric
properties,64,65 the SF-36 allows evaluation of
healthy individuals as well as patients with 
different diseases65 and likewise assessment of
response to therapy.

The most prominent disease-specific instru-
ment for the assessment of physical function is
the Health Assessment Questionnaire (HAQ).66 In
particular, the HAQ Disability Index 
(HAQ-DI) is widely used to evaluate the ability
to perform activities of daily living. The HAQ-DI
consists of 20 questions related to the upper
and/or lower extremity; these questions are
organized in 8 categories: dressing, rising,
eating, walking, hygiene, reach, grip, and usual
activities. For each question there is a four-level
difficulty scale ranging from 0 to 3, representing no
difficulty (0), some difficulty (1), much difficulty
(2), and inability to do (3). The mean of the high-
est individual scores across the eight categories
is the final HAQ score; it ranges from 0 to 3: higher
levels indicate more disability and levels < 0.3
are close to normal. The HAQ-DI is now used in
virtually every RA trial. It increases with dura-
tion of RA, reflecting the accumulated joint
damage;67 and over the long term the correlation
between HAQ-DI and radiographic changes
increases.67,68

Pincus and colleagues have modified the
HAQ (modified HAQ, MHAQ),69 simplifying 
the scoring for daily clinical care. To this end, the
questions of the original HAQ were reduced to
one or two per category; the total score is
derived by calculating the average of the eight
categories. Pincus also introduced the multi-
dimensional HAQ (MDHAQ),4 expanding the 
8-item MHAQ to 14 items and reducing the 
floor effect that had been noticed with the use of
the MHAQ.

On the original HAQ scale, the intervals
between scores at different points do not translate
into similar changes in functional impairment.
Therefore, Wolfe et al. recently developed the
HAQ-II, in which this psychometric problem has
been addressed.70

While the minimal clinically important differ-
ence of the HAQ has been suggested to be 0.22,71

in many clinical trials this cut-off point has been
modified to 0.25 to better reflect the true increments
of the HAQ-DI. Recent studies showed that the
potential for HAQ score improvement differs
depending on average RA duration.72 The
degree of the underlying damage may reduce
the reversibility of HAQ scores in individual
patients.73 The HAQ as a measure of functional
limitation is determined by both activity
(reversible component) and accrued damage
(irreversible component).73,74 In terms of thera-
peutic strategies, the irreversible proportion 
of functional impairment constitutes an
‘unavoidable’ component in patients with
accrued damage after long-standing disease, but
likewise a ‘preventable’ long-term component of
disability in patients with early disease that
needs to be targeted intensively.

The Arthritis Impact Measurement Scale
(AIMS)11 encompasses nine domains, two of
which are depression and anxiety. The domains are
composed of 4–7 questions totalling 49 questions.
The AIMS2 is a longer version comprising 
12 domains and 78 questions75 and there is a
shorter versions (AIMS2-short form: 5 domains
and 26 questions).76 The AIMS2-SF can be filled
out in about 5 minutes.77 Wolfe et al. developed the
clinical HAQ (CLINHAQ),78 which, in addition to
the eight categories of the original HAQ, bor-
rowed the depression and anxiety scales from
the AIMS, and included five additional VAS and
a pain diagram.

This group of quantitative instruments
includes measures of hand function, and timed
measures of locomotor function.79 Grip strength
is usually measured using a vigorimeter or a
dynamometer;80 the readout is the pressure
attained by squeezing a compressible rubber
bulb. The Moberg picking-up test has been 
standardized as a timed measurement of the
ability to pick up small metallic items randomly
placed in three lines on the table, and to put
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them into a box.81 In the Button test patients are
timed while undoing and rebuttoning five 
buttons on a board with one hand.82 The 
Walking time is a timed measurement of the
patient’s ability to walk a particular distance. 
It has been shown that, using standardized 
protocols, all these instruments have excellent
reliability82 and predict long-term morbidity and
mortality in patients with RA.79

Several instruments to assess function and
quality of life have been developed for patients
with PsA. The SF-36 (see above)63 has been 
validated for the assessment of patients with
PsA83,84 and showed significant changes in PsA
clinical trials.50,60 The HAQ-DI, originally devel-
oped for RA66 has meanwhile been modified for
patients with spondylarthropathies (HAQ-S)85

and psoriasis (HAQ-SK).86 Both scores show sim-
ilar results to the original HAQ-DI in patients
with PsA.85,86 This indicates that inclusion of the
spinal and the skin domains does not systemati-
cally impact the overall assessment of physical
function in patients with PsA systematically.
Consequently, the original HAQ can be
employed in PsA clinical trials.87 The AIMS11 and
AIMS2,75 have also been validated for PsA.88,89

In AS, functional impairment can be evalu-
ated by the Bath Ankylosing Spondylitis Metrology
Index (BASMI),90 which combines assessments of
the ability to perform cervical rotation, lumbar
flexion (modified Schober test), lumbar side 
flexion, tragus-to-wall distance, and intermalleo-
lar distance and serves as a clinical index 
of spine mobility. It ranges from 0 to 10, 
correlates with radiographic damage, and 
has shown excellent inter-rater and intra-rater
reliability.91

Other functional measures in AS apply 
self-reporting. The Bath Ankylosing Spondylitis
Functional Index (BASFI)92 is a 10-item question-
naire, each of which is rated on a 10-cm 
VAS (0 indicating no limitation and 10 indicat-
ing inability to do). The BASFI is the mean 
of all 10 VAS. The other self-report instruments
are based on categorical ratings of the ability 
to perform daily life activities. The Dougados
Functional Index (DFI) comprises 20 items93

related to daily life activities and scored as 
0 (no difficulty), 1 (some difficulty), or 2 (impos-
sible to do). While there are specifically 

designed instruments for AS based on the 
Health Assessment Questionnaire (HAQ for
Spondylarthropathies; HAQ-S),85 the addition of
the AS subscales did not improve sensitivity to
detect functional problems in patients with AS.94

As mentioned above, the HAQ-S is also 
used in PsA.95,96 The Revised Leeds Disability
Questionnaire (RLDQ)97 comprises four questions
for each of four scales (mobility, bending down,
neck movements, and posture). It is calculated as
the mean of the highest scores in each section
like the HAQ-S, giving a final range of 0–3,
offers four categorical responses, and appears to
be sensitive to change.97

All these scores were shown to have various
degrees of reliability and validity, although dif-
ferent sensitivities to change have been reported
in studies. The DFI has a narrow grading (scale
of 0–2), which may not allow many patients to
accurately assign their responses accordingly.
This limits sensitivity to change in comparison
with HAQ, HAQ-S, BASFI,98 pain, and stiffness.94

On the other hand, BASFI scores are skewed and
have been shown to exhibit a ceiling effect,98

although sensitivity to change of the BASFI was
reported to be higher than for the HAQ-S.99

COMBINATION OF DOMAINS

Composite indices

RA varies in its presentation and course.
Consequently, disease activity expresses itself
variably. This is reflected by the many surro-
gates that have been employed (see sections
above). They all put emphasis on just a single or
a limited aspect of disease activity. Given this
heterogeneity of RA, none of these measures
allows the clinician to quantify disease activity
or response to therapy sufficiently reliably – 
neither in an individual nor in groups of
patients. Therefore, an independent evaluation
of all variables in clinical trials leads to method-
ological issues.100 To overcome these limitations,
composite endpoints have been employed100–102

and combined (‘composite’) indices developed.
Composite scores have been mainly built to

evaluate disease activity of RA patients in clini-
cal trials, where differential response to drugs is
of major interest and the use of such indices
allows reduction of sample sizes. However,

OUTCOMES ASSESSMENT IN RHEUMATIC DISEASE 607

9781841844848-Ch48  8/10/07  2:02 PM  Page 607



composite indices should also be used to follow
patients in clinical practice.103 On the one hand,
absolute changes in these scores can be com-
pared, but on the other hand criteria exist that
allow classification of the extent of the response
(see below).

Older scores, such as those propagated by
Steinbrocker104 and Lansbury105 included items
characteristic of disease activity beyond the core
set variables (e.g. anemia or fever). The Mallya
index encompassed hemoglobin, morning 
stiffness, and grip strength aside from tender
joints, ESR, and pain.106 Pain and grip strength
were later excluded by van Riel et al. in a trial.107

The newer indices, in current use, are based on
the core set variables6–8 and their detailed 
characteristics are shown in Table 48.2. These are
the Disease Activity Score (DAS) and its 
modification employing 28-joint counts, the 
DAS 28, as well as the Simplified Disease 
Activity Index (SDAI) and its modification 
sparing CRP, the Clinical Disease Activity 
Index (CDAI).

The gold standard for the derivation of the
DAS108 was the start or stop of disease-modifying
anti-rheumatic therapy by a physician, reflecting
high and low disease activity, respectively. The
statistical procedures used for this purpose led
to a complex formula, which involves different
weighting of each variable, square root and 
logarithmic transformation of some variables.
The original DAS employs an extended 
44 swollen joint count109 as well as the Ritchie
Articular Index,32 a graded joint tenderness
score. Both these types of joint assessments are
rarely employed in clinical practice and trials.
Therefore, the DAS was modified towards the
use of condensed, ungraded, and unweighted
28-joint counts,110 the DAS28.111 Meanwhile,
there are various modifications of the DAS and
the DAS28: these scores may comprise CRP
instead of ESR (DAS-CRP and DAS28-CRP) or
may exclude the assessment of global health, i.e.
are composed of only three variables (DAS-3
and DAS28-3). However, none of these modifi-
cations has been fully validated. Therefore, the
values of these various modifications are 
not mutually interchangeable, and care must be
taken to ascertain which of the many varying
DAS instruments has been employed when

interpreting respective clinical data. For example,
extrapolating DAS-4-CRP results to DAS-
4-ESR data may be misleading. Finally, the 
complexity of the DAS and the DAS28 formulae
necessitates the use of a pocket calculator or
computer program, and does not make the score
transparent for patients.

Therefore, simpler indices have been developed.
Interestingly, calculating a linear sum of values
of variables that were untransformed and
unweighted, as done for the first time in the
Simplified Disease Activity Index (SDAI), resulted
in a very high correlation with the DAS28.17 The
variables had been selected based on the ACR
and the EULAR core sets,6,7 as well as on previ-
ous studies on reactive arthritis.112 Meanwhile,
the SDAI has been widely validated using clini-
cal trial data, in daily settings and across differ-
ent cultures,17,113–117 and recently cut-off points
for remission and activity states have been
derived.118 The SDAI, DAS, and DAS28 
all require laboratory measures (CRP or ESR),
which might limit their usefulness in 
clinical practice, when lab results are missing or
not yet available. While no modification of the
DAS or DAS28 exists that spares an APR, the
Clinical Disease Activity Index (CDAI) has been
validated as a modification of the SDAI;114,119

this index does well without CRP and has been
validated using several different cohorts of
patients. It correlates highly with the DAS28 and
the ACR response, but also with the HAQ and
radiographic changes.114 It makes prompt
assessment of disease activity possible and 
consequently facilitates immediate decision
making regarding treatment. Moreover, it can be
easily understood by the patients.103

No validated composite disease activity
indices have yet been developed for PsA 
and AS.

Self-report instruments of disease activity

RA disease activity can also be assessed using
patient-reported questionnaires. The Rapid
Assessment of Disease Activity in Rheumatology
(RADAR),120 is a two-page self-administered
questionnaire that comprises six items which are
scored. While the individual RADAR items can
be interpreted using expert opinion or other
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studies as references, there is no total score 
for this instrument. The application of the
Rheumatoid Arthritis Disease Activity Index
(RADAI),121 a questionnaire that includes five
items, has also been proposed for clinical 
practice. Completion and scoring of both the
RADAR and RADAI questionnaires takes less
than 10 minutes; however, evaluation of the
RADAI requires a calculator.122 Both scores are
reliable and valid when compared to functional
or other disease activity measures.123,124

However, it is important to distinguish between
symptom questionnaires, such as those just
mentioned, and health status questionnaires 
(see below), since they provide complementary
information.123 Moreover, it is also important to
appreciate that the composite clinical indices
described above incorporate ‘objective’ evaluation
based on clinical examination and/or laboratory
variables, while symptom questionnaires are
restricted to subjective judgment. This may be
one reason why both the RADAR and the
RADAI are rarely used in clinical practice or in
clinical trials.

A self-report instrument has also been developed
to measure disease activity in AS, namely the
Bath Ankylosing Spondylitis Disease Activity Index
(BASDAI).125 This instrument assesses severity
of fatigue, spinal joint pain, peripheral joint
pain, localized tenderness, and morning stiff-
ness by employing 10 cm VAS. Morning stiffness
is evaluated separately qualitatively and quanti-
tatively. The final BASDAI is an average of these
six scales, ranges from 0 to 10, and is reliable and
sensitive to change; active disease is usually
regarded a BASDAI ≥ 4.126

Response criteria

Response criteria express improvement relative
to a baseline and are therefore useful to assess
drug effects in clinical trials. The Paulus RA
response criteria127 required at least 20%
improvement in four of six measures, namely
joint pain/tenderness score, joint swelling score,
morning stiffness, and ESR, and two or more
grades on a five-grade scale (or from grade 2 to
grade 1) for PGA and EGA. This index allowed
discrimination between placebo and DMARD-
treated patients.

Also, the ACR response criteria,128 which are
based on the ACR core set variables,6 require
20% improvement (ACR 20) in several variables:
swollen and tender joint counts on the one hand
as well as three of the five remaining core set
variables on the other hand. Like the Paulus 
criteria, the ACR criteria aimed to discriminate
active drug from placebo in clinical trials. With
better therapies, the criteria were broadened
toward 50% (ACR 50) and 70% (ACR 70)
improvement. This allowed judgment of fre-
quencies of more substantial responses, but 
discrimination of active drug from placebo was
not better than using the ACR 20 criteria.129

The ACR-N response130,131 grades a 0–100%
improvement by evaluating the smallest relative
improvement seen for following three measures:
swollen joint count, tender joint count, and
median of the five remaining core set variables.
This transposition of the ACR criteria from a
dichotomous to a continuous scale allows for 
a more quantitative (rather than categorical)
readout. However, deterioration from baseline
may be calculated as a negative value or as zero,
and its time-integrated use as ACR-N area under
the curve does not provide valid discrimination
between regimens.132,133

Finally, a new measure, the ‘hybrid’ measure
of ACR response has recently been presented,134

aiming to provide a continuous scale using a
complex formula. Since it has not yet been used
in clinical trials nor validated outside the 
original study, it will not be detailed herein.

The EULAR response criteria are based on the
DAS and the DAS28 and classify three categories:
good response, moderate response, and no
response.135 EULAR response (good + moderate)
is often more frequent than ACR 20 response,
and good EULAR responses are usually higher
than ACR 70 responses.

In clinical practice, regular (3-monthly) evalu-
ation of disease activity by composite scores
(CDAI, SDAI or DAS28) should be performed,
aiming to reach remission or at least the low 
disease activity range by switching therapies
according to the respective disease activity.103,136,137

Interestingly, the ACR response criteria for
RA128 have also been employed for PsA
trials,50,51,60,138 usually using the 78/76-joint
counts to account for the DIP of the feet. 

610 CONTEMPORARY TARGETED THERAPIES IN RHEUMATOLOGY

9781841844848-Ch48  8/10/07  2:02 PM  Page 610



Despite the fact that they had not been developed
nor originally validated for PsA, they showed
good discrimination between active drug and
placebo.

In contrast, the Psoriatic Arthritis Response
Criteria (PsARC) have been developed specifically
for PsA.54 Mostly they showed good discrimina-
tion between active drug and placebo.50,51,60,138

The EULAR response criteria for RA (using the
DAS28) have also recently been applied in a clin-
ical trial of PsA.51 Like the ACR criteria, they
showed good discrimination between active
drug and placebo. However, most patients in
most recent trials had symmetric polyarthritis.

Clearly, more methodological work is needed.
This should not only be devoted to validate cur-
rently available composite scores, such as the
DAS28, the SDAI or the CDAI, but also to
develop new ones specifically for PsA. In this
context it is worthwhile mentioning that an
index that has already been validated in an
oligoarticular disease involving DIP joints,
namely reactive arthritis, the DAREA,112 may
also be of interest for further evaluation in PsA.

Response criteria have also been developed
for AS. The response criteria of the Assessment
in Ankylosing Spondylitis (ASAS) International
Working Group are defined as a 20% improve-
ment (and at least 10 unit change on a 0–100 scale)
in at least three of the following four measures:
PGA (VAS), pain (VAS), function (BASFI), and
inflammation (mean of duration and intensity of
morning stiffness on 100 mm VAS, such as in the
BASDAI); these constitute the ASAS20 criteria.139

The fourth measure must not deteriorate by the
same margins. Analogous definitions lead to
achievement of ASAS50 and ASAS70
responses.139 ASAS partial remission is defined
as a score of < 20 mm in each of these four
domains.139

SUMMARY

Outcome assessment in clinical trials comprises
disease activity evaluation of RA core set vari-
ables and respective sets of variables in PsA and
AS, assessments of quality of life and physical
function. However, such assessments are also
needed in daily clinical practice, especially given
today’s costly biological therapies. To this end,

reliable and – of note – simple tools are available,
allowing clinicians to define therapeutic goals in
collaboration with the patient. The value of these
instruments lies in the follow-up of changes in
the patient’s state and consequent dynamic ther-
apeutic adaptations to achieve low disease activ-
ity or remission, optimal physical functioning,
and prevention of damage.
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interaction with catenins 122, 122
in normal synovium 123-4
overview 121-3
structure 121-3
subgroups 122-3
as therapeutic targets in rheumatic diseases 128,

128
calcineurin (CaCN) 318
Candida albicans, IL-32 and 227
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targeting strategies 275-7
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TNF inhibitors in 502
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corticosteroids 427, 435, 450, 543
COX-1 330-1
COX-2 330-1, 333-4
COX-3 330
COXIBs 333
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C-reactive protein (CRP) 602, 604
Crohn’s disease 4, 440, 503, 577

in ankylosing spondylitis 415
anti-CD3 therapy in 548
IL-12 in 196
LIGHT in 13
TLRs in 111
TNF-α in 485

Crry-Ig 345, 346
Cryptosporidium parvum 197
CTAP-III/CXCL1 269, 273

CTLA-4 3, 8, 9, 14, 23
CTLA-4-Ig see abatacept
CX3CL1 see fractalkine
CXCL1 269, 273, 274, 276, 277
CXCL6 269, 273
CXCL8 see interleukin-8
CXCL10 269-70, 273
CXCL12 270, 272, 273, 274
CXCL13 270, 272, 273
CXCL16 270, 272, 273, 277
CXCR1 271-2, 273
CXCR2 271-2, 273
CXCR3 272, 273
CXCR4 273, 274
CXCR5 272, 273
CXCR6 272, 273
cyclooxygenases 330-1
cyclophosphamide 2, 502, 510, 543

in systemic lupus erythematosus 435, 436
cyclosporin A 2, 427, 543
cyclosporine 2

in psoriatic arthritis 404
CYLD 288-9
cylindromatosis 289
cytokine cascade in rheumatoid arthritis 137, 138

D

daclizumab 299
dactylitis 605
damage-associated molecular pattern proteins

(DAMPS) 47
DARC 272
DAREA 611
DAS28 604
DC-SIGN 46-7
decay accelerating factor (DAF) 343
dendritic cells 3, 63-72

animal models 69-71
blocking function in rheumatic disease 71-2
generation for tolerance 68
human studies 71
immune tolerance 64
in induction and maintenance of autoimmune

disease 66-8
NF-κB and DC function 64
regulatory T cells as targets for vaccination 65-6
role of 63-4
self-antigen presentation 66-7, 67
semimature 70
sites of autoimmune disease 67-8
therapeutic applications 69-71
use for tolerance 68-9
vaccination to reduce autoantigen-specific immune

responses in rheumatic diseases 64-6
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dermatomyositis 31, 467

B-lymphocyte stimulator in 534
complement in 471
endoplasmic stress response in 472
IFN in 240
intravenous immunoglobulin (IVIG) in 473, 476
pathology and immune abnormalities 468
rituximab in 477
TNF-α in 488-9

deubiquitinating enzymes (DUBs) 288
dexamethasone 113, 276
diabetes, Type I 28, 69, 70, 133

anti-CD3 antibody 546-8
CTLA-4 in 14
IFN in 240
insulin and 24
TLRs in 112

dickkopfs (DKKs) 318
DKK-1 321

diclofenac 276
dihydro-orotate dehydrogenase 2
Disease Activity Score (DAS) 403, 604, 608

DAS 28 608
disease-modifying antirheumatic drugs see DMARDs
DLBCL 293
DMARDs 2, 360, 385, 387, 388, 387, 404, 419-20
Dok 33
dominant tolerance 23
Dougados Functional Index (DFI) 607
doxycycline in OA 380-1
Dyn 33

E

early arthritis 419-22
biological therapy 419-21
high dose anti-TNF as potential remission-

induction therapy 421-2
remission-induction with 12 months infliximab

421-2
BeSt trial 422

E-cadherin 125, 126
eculizumab in systemic lupus erythematosus 442
edratide in systemic lupus erythematosus 517-18
efalizumab in psoriatic arthritis 404, 408
Ehlers—Danlos syndrome 373
ELC/CCL19 271, 273
Elk-1 35
ENA-78/CXCL5 269, 273, 274, 277
Enbrel see etanercept
endothelial cells, T-cell contact-mediated 

activation 94-6
entecavir hepatitis B virus-associated vasculitis 460
enthesitis 605

epithelial-to-mesenchymal transition (EMT),
cadherins in 125

epratuzumab see anti-CD22
Epstein—Barr virus

IL-32 in 225
systemic lupus erythematosus and 243

Erk 35
erythrocyte sedimentation rate (ESR) 602, 604
erythropoietin (EPO) 135
E-selectin 95, 96, 403
etanercept (Enbrel) 142, 201, 381, 387, 451, 485, 497,

581
in adult Stills’ disease 487
in ankylosing spondylitis 414, 415, 416
in early arthritis 420
in giant cell arteritis 491
injection site reactions (ISRs) 503
in juvenile idiopathic arthritis 428, 429, 428, 429
in psoriatic arthritis 404, 405, 405
in rheumatoid arthritis 386-7, 518
in sarcoidosis 488
in Takayasu’s arteritis 490
tuberculosis and 501
in Wegener’s granulomatosis 457, 489

etericoxib in ankylosing spondylitis 413
EULAR Response Criteria 404, 611
evaluator global assessment (EGA) 602, 604
experimental allergic encephalomyelitis (EAE) 11, 69

TNF inhibitors and 502
experimental arthritis 275-6

CC chemokines and their receptors 275-6
combined chemokine blockade 276
CXC chemokines and chemokine receptors 275

experimental autoimmune encephalomyelitis
anti-CD3 therapy in 549
IL-18 and 199
IL-21 in 221
SOCS in 312

experimental autoimmune myasthenia gravis
(EAMG) 69

experimental autoimmune thyroiditis (EAT) 70
type II IFN in 241

experimental autoimmune uveoretinitis EAU) 69

F

FADD 234
familial cold autoinflammatory syndrome 

(FCAS) 396
familial Mediterranean fever 396
Fas ligand (FasL), induction by IL-18 196
F-AT 35
Fcγ RI in elimination of macrophages 58
FcγRIIB 33, 36-7
FFGVG 54
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fibrin 67
fibroblast-like synoviocytes (FLS) 123
FK506 (tacrolimus) 2
FLAP (5-LOX activating protein) 332
FLIP 472
follicular synovitis 274
formin 122
Foxp3 23, 24-5, 26, 27
fractalkine 268, 271, 272, 273, 276
Fz-related protein gene (FRZB) 320-1
Fz-related proteins (sFRPs) 318
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Galiximab see anti-CD80
γc family cytokines 211, 212
γδ T cells 66
gangciclovir 58
GATA-3 187
GCP-2 see CXCL6
G-CSF 135
giant cell (temporal) arteritis 449-53, 491

adjunctive therapy to corticosteroids 450
aspirin 452-3
clinical features 450
conventional immunosuppressive agents 450
conventional medical therapy 449-50
pathogenesis 451-2, 451
prednisone 449-50
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GL50 (B7H) 10
glatiramer 90
glucocorticoids 244, 587
gold salts 276
golimumab 407
Goodpasture’s syndrome 133
gp34 11-12
GP-39 49
Gp96 107
GPR83 24
graft versus host disease (GVHD) 11, 13

IL-18 in 195, 203, 203
LIGHT in 13
visilizumab in 546

Graves’ disease
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IFN in 240

grip strength measurement 606
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H

Health Assessment Questionnaire (HAQ) 606
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HAQ Disability index (HAQ-D) 606
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HAQ-DI 607
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multi-dimensional HAQ (MDHAQ) 606

heat-shock proteins 60, 70, 107, 111
hemolytic uremic syndrome, atypical 347
hepatitis

autoimmune, IFN in 240
IL-18 in 195

hepatitis B virus-associated vasculitis 459-60
hepatitis C virus-associated mixed cryoglobulinemia

(HCV-MC) 460-2, 460, 462
hepcidin 152, 604
herpesvirus-entry mediator (HVEM) 12-13, 16
hILP 472
histoplasmosis 387, 500, 501
HIV-1 200-1
Hodgkin’s lymphoma 292-3

CD30 in 13
CD70 in 13
IL-13 in 162

human herpesvirus 6 and 7, IL-15 in 176
Humira see adalimumab
HUT-78 88
HVEM (herpesvirus-entry mediator) 12-13, 16
hypergammaglobulinemia 149
hyper-IgM syndrome 10

I

ICAM-1 4, 89, 90, 95, 96, 113, 403
IDEC-131 11, 438
idiopathic inflammatory myopathies (IIMs) 467-78

anti-TNF agents 477
biologic therapy 469-70, 473-8, 474-5, 477
complement 471
direct myotoxic effects from cytokines 471-2
gene expression studies 472-3
hypoxia or oxidative stress 471
immune-mediated mechanisms 469-71
inhibitors of apoptosis 472
intravenous immunoglobulin (IVIG) 473-7
MHC and endoplasic reticulum stress response 472
pathogenic mechanisms 468-73
pathology and immune abnormalities 467-8, 468

idiopathic thrombocytopenic purpura (ITP) 437
IFN regulatory factors see IRFs
IFN-5 232
IFNAR 236, 238-9
IFNGR 236, 238-9
IFN-α in Churg—Strauss syndrome 458-9
IFN-β 90, 93

622 INDEX

9781841844848-Idx  8/9/07  4:29 PM  Page 622



IFN-γ 2
IL-18 and 202
in mouse diabetes 70
rheumatoid arthritis and 134
stimulation of IL-32 227

IFN-κ 231, 232
Ig-α (CD79a) 33
Ig-β (CD79b) 33
IKKs 108, 285, 286, 288

IKK1 582-3
IKK2 113, 582
IKKβ 291
IKKγ 108

IKK2 inhibitors 588-90
imatinib 581
imidazoquinolines 236
Imiquimod 236
immunoablation 517

systemic lupus erythematosus 517
rheumatoid arthritis 517

immunoreceptor tyrosine-based activation motif
(ITAM) 33, 34

immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) 33, 36

inclusion body myositis (IBM) 467
alemfuzumab in 478
complement in 471
intravenous immunoglobulin (IVIG) in 473, 476
pathology and immune abnormalities 467-8
rituximab in 477
stem cell therapy in 478

indoleamine 2,3-dioxygenase (IDO) 346
inducible costimulator (ICOS) 9-10, 221

ICOS-L 9-10
infiltrating cells, T-cell contact-mediated activation in

94-6
inflammation process 85-97
inflammatory bowel disease

ankylosing spondylitis and 415
IL-13 and 166
MAPKs in 575, 576

infliximab (Remicade) 141, 142, 201, 255, 381, 451,
485, 497, 503, 581

in adult Stills’ disease 487
in ankylosing spondylitis 414, 415, 416
in Behcet’s disease 491
in dermatomyositis 489
in early arthritis 420-1
in giant cell arteritis 452, 491
in juvenile idiopathic arthritis 429, 429
in microscopic polyangiitis 490
in polymyositis 489
in psoriatic arthritis 404, 405-6, 406
in rheumatoid arthritis 385-6, 387, 518

in sarcoidosis 488
in Sjogren’s syndrome 486
in systemic lupus erythematosus 518-19
in Takayasu’s arteritis 490
in tuberculosis 501
in Wegener’s granulomatosis 457, 489-90

influenza virus 235
inhibitor of NF-κB (IκB) kinases see IKKs
injection site reactions (ISRs) 503
innocent bystanders 26
insulin 24
interferon regulatory factors see IRFs
interferons 231-45

activation of type I genes 232-4, 233
activation of type I production in immature PDCs

236
activation of type I system in autoimmune diseases

239-40, 240
activation of type II (IFN-γ) gene 234
activation of type III genes 234-5
causative role for type I in autoimmunity 240-1
cellular basis of type I and III production 235-6
etiopathogenic mechanism for autoimmunity

involving Type I IFN system 242-3, 242
genes, proteins and cell functions regulated by

238-9, 239
IFN receptors and their signaling pathways 236-8, 237
negative regulation of IFN signaling pathways 238
proteins and genes 231-2, 232
therapeutic targets 243-5, 244
type II in autoimmune diseases 241-2
see also entries under IFN

interleukin-1 10, 45, 50, 137, 391-2, 392
balance between IL-1Ra and 394
in cartilage destruction 54-5, 56
endogenous inhibitors of TOLL/IL-1R signaling 393
nomenclature and structure of IL-1 cytokines and

receptors 391-3
in osteoclast formation 79, 81
potential biologic function of novel IL-1 and IL-1R

homologs 396
regulation of RANKL 80
in rheumatic diseases 391-6
in rheumatoid arthritis 58-9, 520
TOLL/IL-1R signaling pathways 393

interleukin-1 receptor antagonist (IL-1Ra) 136, 391,
393-5, 451

in animal models of arthritis 395
gene polymorphisms and disease 394-5
in periodic fever syndromes 396
in rheumatic diseases 395-6

interleukin-1 receptor-associated kinases see IRAKs
interleukin-1 receptors 392-3
interleukin-1 soluble receptor II (IL-1 sRID) 86

INDEX 623

9781841844848-Idx  8/9/07  4:29 PM  Page 623



interleukin-1F10 392
interleukin-1F6 391
interleukin-1F7 199
interleukin-1F8 391
interleukin-1F9 391
interleukin-1Ra (anakinra; Amgen) 395, 581
interleukin-1RAcP 392
interleukin-1RI 105, 106, 392
interleukin-1RII 392
interleukin-1Rrp2 392
interleukin-1α 391

in idiopathic inflammatory myopathies 472
interleukin-1β 87, 92, 391

Wnt and 321
interleukin-2 2, 8, 9, 50, 219

in rheumatoid arthritis 298-9
interleukin-3 2, 159
interleukin-4 2, 136-7, 159

in rheumatoid arthritis 164, 165, 299
interleukin-5 59
interleukin-6 10, 50, 87, 96, 149-56, 519-20

anemia in collagen-induced arthritis and 152-3, 152
hepcidin on anemia of chronic inflammation 

and 152
in juvenile idiopathic arthritis 427
induction of IL-17 186, 187, 188
new animal models of arthritis 153
osteoclastogenesis and 81
pathological significance in immunological

disorders 149-53, 150
regulation of RANKL 80
in rheumatoid arthritis 153-5, 165, 519-20
in systemic lupus erythematosus 520
vascular endothelial growth factor 150-1, 151

interleukin-7 in rheumatoid arthritis 299-300
interleukin-8 2, 10, 96, 274, 275, 277
interleukin-10 27, 92, 136

dendritic cells 68-9
induction 92
production in monocytes/macrophages 88-9
systemic lupus erythematosus 520

interleukin-11 136
interleukin-12 10, 50

induction by IFN-γ 186
inhibition by IL-10 69

interleukin-13 159-67
animal models 164
anti-inflammatory effects in rheumatoid arthritis

163-4, 163
biological activity on cell lines in vitro

160-1, 160
effects on immune and structural cells 161
IL-13 and IL-13 receptors 159-60
in asthma 161-2

in parasite immunity 161
in rheumatic disease 162-3
in tumor immunity 162
inflammatory bowel disease and 166
pro-inflammatory effects in rheumatoid arthritis

164-5, 165
psoriatic arthritis and 166
scleroderma and 165-6
systemic lupus erythematosus and 166

interleukin-15 50, 141, 175-80
bioactivities 178-80, 178

dendritic cells 179
eosinophils and mast cells 180
fibroblasts 180
macrophages 179
neutrophils 180
NK cells 179
osteoclasts 180
T cells 178-9

bioactivities 562-4, 563
biology and its receptor 175-8
clinical studies 565-6
clinical targeting 561-6
expression 175, 176
IL-21 and 219, 220
in inflammatory arthritis 561-2
inflammation model studies 564-5
in rheumatoid arthritis 299
strategies for in vivo targeting 564, 564
structure 175

interleukin-15R 176-7, 180
interleukin-17 50, 141, 185-90

control with biotechnology tools 189-90, 189
destructive properties 185, 186
discovery and structure 185
induction by IL-6 186, 187, 188
receptors and mode of action 185-9

in arthritis 188-9
interactions between other proinflammatory

cytokines and 187-8
source 186-7, 187

regulation of RANKL 80
in rheumatoid arthritis 50, 53, 56
side effects 190
waiting for a treatment 190

interleukin-18 32, 50, 141, 195-206, 319, 392
alternate signaling of IL-18R 199-200
blocking in disease models 202
caspase-1 and 197, 227
non-caspase-1 processing 197
deficiency 199, 205-6
receptor deficiency 199
graft versus host disease 203, 203
heart and 204-5
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interleukin-18 (Continued)
IL-18:IL-18BP imbalance in macrophage-activating

syndrome (MAS) 201
as immunoregulatory cytokines 195-206
in Th1-like diseases 202-3
neutralizing antibodies to 201, 202
P2X7 receptor targeting 197
receptor targeting 197-9, 198
renal ischemia and 205
role in loss of insulin-producing beta cells 196
Th2 diseases and 204
therapeutic strategies for reducing 197
viral IL-18BP 200-1

interleukin-18 binding protein (IL-18BP) 196, 197,
198, 200, 201, 227

interleukin-18R α 392
interleukin-18Rβ 392
interleukin-21 211-21

augmentation of NK cell development 219, 219
control of CD8+ T cell homeostasis and function

215-16, 215
effects on CD4+ T cell differentiation 214-15, 215
and IL-4, B-cell defect in human XSCID 217
IL-21R KO mice 216-17
immune responses, dendritic cells and 220
in autoimmunity, allergy and cancer 220-1
in IG production 217-18, 218
regulation of expression of 213-14
in rheumatoid arthritis 300
role in B-cell function 216-17
signalling pathways 213, 213
structural features of IL-21/IL-21R system 211-13

interleukin-21R, regulation of expression of 213-14
interleukin-23 50

induction of IL-17 186
interleukin-32 196, 225-9

in arthritis 227-8
binding of human IL-32 α to proteinase-3 226
cooperation of monocytes with lymphocytes in

production of 227
in Crohn’s disease 228-9
isoforms 225-6, 226
production from human monocytes in vitro 226-7

interleukin-32 α 225, 226
interleukin-32β 225
interleukin-32γ 225
interleukin-32δ 225
interleukin-32ε 226
interleukin-33 392

caspase-1 and 195
intrauterine growth restriction (IUGR) 339
ionomycin 225
IP-10 269-70, 273
IPS-1 234

IRAKs 108
IRAK-1 108
IRAK-4 108
IRAK-1 109, 233, 393
IRAK-2 109, 113
IRAK-4 109, 113, 233, 393
IRAK-M 109, 393

IRFs 105, 232
IRF-3 110, 232-3
IRF-5 109, 232, 233, 234
IRF-7 109, 110, 232, 233, 234

IκB kinase-α (IKK_ α) 233
IκB α 582, 583, 585

J

JAK-1 272, 297, 300
IL-21 and 213

JAK-2 272, 297, 301
JAK-3 297, 300, 301

IL-21 and 213
JAK-STAT pathway 297, 298, 300, 301, 306

inhibition in rheumatoid arthritis 300-2
JAK-STAT signaling pathway in rheumatoid arthritis

297-302
Janus-kinase system see JAK-STAT pathway
JIP1 577-8
JNK 35, 113, 570, 571-2, 571, 572-6, 577, 584

JNK1 572, 575
JNK2 572, 577
JNK3 572, 575, 577
pathway 322-3

joint destruction 80-1
junctional adhesion molecules (JAMs) 274
Jurkat cells 88
juvenile ankylosing spondylitis 429
juvenile arthritis 425-31
juvenile dermatomyositis

complement in 471
intravenous immunoglobulin (IVIG) in 473, 

476, 477
juvenile idiopathic arthritis

IL-6 in 427
juvenile idiopathic arthritis 425-31

cellular and cytokine imbalances 426-7
classification 425-6, 426
genetic influences 427
IL-1 receptor antagonist (IL-1ra) in 430
IL-6 430
impact 425
modulation of T-cell and B-cell ontogeny 430
potential risks from TNF blockade 429
practical management of new therapies 431
recombinant IL-10 430
cf. rheumatoid arthritis 426

INDEX 625

9781841844848-Idx  8/9/07  4:29 PM  Page 625



juvenile idiopathic arthritis (Continued)
therapeutic cytokine modulation 427-8
TNF-α blockade 428-9
trial design and ethical consideration 430-1

juvenile inflammatory arthritis (JIA) 440
juvenile rheumatoid arthritis (JRA), TNF in 487

K

KE-298 276
Ki-1 (CD30) 13-14
killer cell immunoglobulin-like receptors (KIRs) 66

KIR2DS2 66
KN-62, P2X7 and 197

L

LAG-3 89, 90
Lansbury index 604
Lattice Index 605
Lck 33
leflunomide 2, 90, 113, 276, 360, 427

in ankylosing spondylitis 414
monocyte activation 92, 93
in psoriatic arthritis 404

legionella 500
Legionnaire’s disease 112
Leishmania infantum, IL-15 in 179
Leishmania major, IL-13 in 161
leprosy, lepromatous 112
leptin, IL-18 deficiency and 205-6
leukotrienes 332-3
LFA-1 89, 90
LICOS (B7H) 10
LIGHT 12-13
lipopolysaccharide (LPS), recognition by TLR4 106
lipoteichoic acid (LTA) 106
lipoxygenases 332-3
Listeria 387
Listeria monocytogenes, IL-15 in 179
listeriosis 500
LJP 394 (abetimus sodium) in systemic lupus

erythematosus 518
LMIR 33, 36, 38
Loxoribine 107, 236
LTβR 12, 290
lupus anticoagulant antibodies 344
Lyme disease 50, 112
lymphopenia 1-2
lymphotactin 268, 271, 272, 273
lymphotoxin-β receptor (LTβR) 12, 290
Lyn 33-4

M

Maastricht Ankylosing Spondylitis Enthesitis Score
(MASES) 605

macrophage-activating syndrome (MAS), IL-18:IL-
18BP imbalance in 201

macrophage-like synoviocytes (MLS) 123
macrophages in rheumatoid arthritis 45-59, 86-7

activation induced by immune complexes 
51-4, 52

activation of synovial macrophages 48-54, 49
depletion of type A intima cells 56-9, 57
differentiation and function in synovium 46-8, 47
joint destruction 54-6, 55
resident intima macrophages in 45-6
T-cell macrophage activation and regulating

cytokines 50, 51
therapeutic scavengers of macrophage mediators

58-9
MAIRs 33, 36, 38
Mal 109-10
Mallya Index 608
MALT1 287, 288
Mander Index 605
mannose-binding lectin (MBL) 341
MAP kinase kinases see MKKs
MAP3Ks 570, 572
MAPK 91, 322

in animal models of aarthritis 573-5
in fibroblast-like synoviocytes 572-3
in other autoimmune diseases 575-6
in rheumatoid arthritis synovium 570-2
as therapeutic targets 576-8

MAPK inhibitors 569-78
MAPK pathway 569-70, 569

cadherins and 127
MAPK phosphatase-1 (MKP-1) 113
marimastat (BB-2516) 361, 377
MASP-1 341
MASP-2 341
matrix metalloproteinases (MMPs; matrixins) 79, 86,

353-62, 370-1
animal models 355-7
in arthritis 369-72
blockade of 58
CD markers on 46, 48
domain arrangements 368
expression in rheumatoid arthritis 357-60
IL-17 and 188
metzincins and 367-9
MMP-1 54, 94, 95, 357-8, 380
MMP-13 (collagenase 3) 54, 58, 359, 378, 380
MMP-13 94
MMP-2 358-9
MMP-23 367
MMP-26 367
MMP-3 55, 359
MMP-3 94
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matrix metalloproteinases (MMPs; matrixins)
(Continued)

MMP-7 367
MMP-9 359
MMP-9 94
regulation 354-5
structure, nomenclature and function 353-4, 354
as therapeutic targets 360-2

matrixins see matrix metalloproteinases
MAVS (IPS-1, VISA or Cardif) 234
MAX 35
MCP-1 (CCL2) 10, 56, 228, 270-1, 274, 275, 276, 277
MCSF 80
Medical Outcomes Study Short Form-36 (SF-36) 

606, 607
MEK1 578
MEK2 578
MEKK1 109, 570, 572, 573
MEKK2 570, 572, 573
MEKK3 109, 393
meloxicam 276
membrane attack complex (MAC) 342
membrane cofactor protein (MCP) 343
membrane-type MMPs see MT-MMP1
methotrexate 92, 185-6, 276, 360, 450, 543

in ankylosing spondylitis 414
in juvenile idiopathic arthritis 428
in psoriatic arthritis 404
in rheumatoid arthritis 387, 388, 414

Met-RANTES 276
microparticles (MPs) 94
microscopic polyangiitis 454-9

genetic influences 455
granuloma formation 454-5
new therapies 457-8
role of ANCAs 456-7

MIF in in juvenile idiopathic arthritis 427
Mig/CXCL9 270, 272, 273
minocycline 90, 93
MIP-1 α /CCL3 271, 273, 274
MIP-1 α 10
MIP-3 α /CCL20 271, 272
mixed lymphocyte reaction (MLR) 9
MKKs 576-7

MKK3 570, 571, 573
MKK4 570, 573, 578
MKK6 109, 570, 571, 573
MKK7 570, 573, 578

ML120B 588-90
MMPs see matrix metalloproteinases
Moberg picking-up test 606-7
modified Schober test 607
Molluscum contagiosum, IL-18 in 200-1
monoclonal antibodies (mAbds) 3

monoclonal gammopathies of undetermined origin
(MGUS) 461

monocytes 86-7
in chronic/sterile inflammation 87-8
alternative activation 87
classical activation 87
humoral activation 87
innate activation 87
innate/acquired deactivation 87
cell surface molecules involved in contact-

mediated activation 89-90, 90-1
differentiation into macrophages in rheumatoid

arthritis synovium 46
impact of gender on contact-mediated activation 93-4
intracellular pathways in cytokine production 91-2
methods of activation 87
stimulated T-cell contact-mediated activation 92-3, 93
T-cell signaling by direct cell—cell contact 88-9, 89

MRA see tocilizumab
MRP 8 47
MRP 14 47, 472
MRPS 472
MT-MMPs 353, 354

MT1-MMP 320, 359-60
MT3-MMP 360

Muckle-Wells syndrome 396
multiple sclerosis 133, 477

anti-CD3 therapy in 549
TLRs in 110
TNF inhibitors and 502
type II IFN in 241

musculoskeletal syndrome (MSS) 378
myasthenia gravis 31, 133
Mycobacterium leprae 112

IL-15 in 176
Mycobacterium tuberculosis 201, 498

IL-15 in 176, 179
IL-32 and 226-7

mycoplasma lipoprotein-2 (MALP-2) 106
MyD88 108-10, 393
MyD88-adaptor-like (MAL) 393
myeloid-associated immunoglobulin-like receptors

(MAIRs) 33, 36, 38
myobacteria, atypical 500
myositis 467-78

N

N-acetyl-L-cysteine 277
N-cadherin 125-6
neonatal-onset multisystem inflammatory disorder

(NOMID) 396
neuroblastoma, IL-32 in 225
neuromuscular diseases 69-70
neuropilin 1 24
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neutrophils, T-cell contact-mediated activation of 94-6
NF-κB 35, 91, 92, 285-94

activators and its outputs 584-5, 585
advances in regulation 286-90
alternative pathway 288, 290
in cancer 290-3
classical pathway 286-90, 287
in chondrocytes 322, 323-4
decoy oligos 591
and dendritic cell function 64
in diabetes 293
in inflammation and disease 290-3
pathway 593, 593
in rheumatological diseases 585-6, 585
SUMO modification 289-90
transcription factor family 582-5
ubiquitination and deubiquitination 286-9

NF-κB essential modulator (NEMO) 108, 285, 286,
287, 288, 289-90, 582

NF-κB-inducing kinase (NIK) 290
NF-κB inhibitors 581-94, 589-90

gene therapy 592
inhibition of translocation 592
non-specific NK-κB inhibitors 586-8
phosphorylation of RelA 592
potential future targets 592
targeted therapies 588-92
ubiquitin ligase inhibition 592

NK T cells 66
NK4 225
non-hepatitis C virus-associated cryoglobulinemia 462
non-Hodgkin’s lymphoma 461, 462, 501

rituximab in 510
non-steroidal anti-inflammatory drugs (NSAIDs)

276, 329, 333, 586
in ankylosing spondylitis 413-14
in juvenile idiopathic arthritis 428
in rheumatoid arthritis 333

NTIEGE neotopes 356
nuclear factor-κB see NF-κB
nuclear oligomerization domain (NOD) receptor

family, IL-32 and 229
NVOIKK004 113

O

OKT3 544-5, 548
Orencia see abatacept
osteoarthritis 319

chemokines in 322
current treatments 324-6
development of therapeutic agents for 325-6, 325
IL-32 in 227, 228
role of chrondrocytes in 320
Wnt signaling in 319-20

osteoclasts 79-83
bisphosphonates in 81-2
function 79
RANKL blockade 82-3
structure 80
targeted therapies 81-3

osteopontin (Opn-i) 233
osteoporosis 79
osteoprotegerin (OPG) 55, 82, 251-9

additional considerations 257-8
cf. other anti-resorptive therapies in arthritis

models 254-5
in predicting bone resorption 256-7
in prevention of bone erosion 256
in systemic osteopenia/osteoporosis and juxta-

articular osteopenia in rheumatoid arthritis
255-6

OPG treatment in animal models of arthritis 252-4
RANKL and 252
targeting the RANKL/OPG cytokine system 257

outcomes assessment 601-12
combination of domains 607-11
composite indices 607-8, 609
core set measures 601-7
response criteria 610-11
self-report instruments of disease activity 608-10

OX40 see CD134
OX40L see gp34

P

p38 571, 571, 575, 575
inhibition 113

p38 kinase 322-3
p38 MAP kinase 141
p70 S6 kinase (p70S6K) 92
p120 catenin 124, 127
p56lck 25
pain global assessment (PGA) 602, 604, 611
pain level measures 602
paired Ig-like receptors (PIRs) 38
Pam3Cys 106
pamidronate 254
Parkinson’s disease 577
parthenolide 113
pathogen-associated molecular patterns (PAMPs) 106
PD-1 14-15
PDL-1 (B7h1)/PD-L2 (B7-DC) 14-15
PEG-IFN-α hepatitis B virus-associated vasculitis 460
Pellinos 109
pernicious anemia, IFN in 240
peroxisome proliferator-activated receptor γ (PPAR-γ)

331
PF4/CXCL4 270, 273
PGE synthase (PGES) 332
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phorbol myristate acetate (PMA) 225
phosphatidylinositol 3-kinase (PI3K) 91, 92
phosphoinositide-dependent kinase-1 (PDK-1) 35
phospholipase A2 329
physical function measures 606-7
PIASy 289
pioglitazone 408, 587
PIP2 108
PIR-A 38
PIR-B 33, 36, 38
PLCγ2 recruitment 34-5
Pneumocystis carinii 500
polmyostitis 31
polubiquitin 286
polyarteritis nodosa (PAN)-like vasculitis 459
polyarticular juvenile idiopathic arthritis 429
polymorphonuclear leukocytes (PMN) 96
polymyalgia rheumatica 31, 452
polymyositis 467

complement in 471
intravenous immunoglobulin (IVIG) in 473, 476
pathology and immune abnormalities 467-8
rituximab in 477
TNF-α in 485, 488-9
type I IFN in 240

polyphenol epigallocatechin-3-gallate 380
Porphyromonas gingivalis 92
PR171 (Proteolix) 113, 591
prednisolone 510
pregnancy

complement and 339-49
TNF inhibitors in 505

preproinsulin2 25
primary mediastinal B-cell lymphoma (PMBL) 292-3
proinflammatory cytokine blockade in rheumatoid

arthritis 385-8
Proprionibacterium acnes 195
prostaglandins 331-2
proteasome inhibitors 590-1
protein inhibitors of activated STAT (PIAS) 238
protein kinase B (PKB, Akt) 92
protein kinase C (PKC) 35, 318
protein kinase R (PKR) 234
protein tyrosine kinases (PTKs) 33
proteinase-3 (PR-3)

IL-32 and 226
Wegener’s granulomatosis and 197

PS-1145 113
psoriasis

IFN in 240
IL-12 in 196
MAPKs in 575

Psoriasis Area and Severity Index (PASI) 605
psoriatic arthritis 251, 401-9

alefacept in 3-4
anti-CD3 therapy in 548
CH2 and Ch3 in 3
classification and epidemiology 401-2
diagnostic criteria 402
genetic epidemiology 402
IL-13 in 162, 166
immunopathogenesis 402-3
methotrexate in 3-4
outcome measures 403-4
TNF-α in 485
TNF-α inhibitors in 404-7
update on biologic agents 404-7
update on conventional therapies 404

Psoriatic Arthritis Response Criteria (PsARC) 404, 611
PTPN22 phosphatase 25
PYRINs 396

R

R-848 107
RANK 55, 290
RANKL 55, 80, 81, 251

blockade 82-3
IL-17 in 188, 189
osteoprotegerin and 252
osteoclastogenesis in rheumatoid arthritis focal

bone erosion 252
in predicting bone resorption 256-7

RANTES 10, 271, 273, 274, 275, 276
Rapid Assessment of Disease Activity (RADAR) 

608-10
reactive arthritis (Reiter’s spondylitis), anti-CD3

therapy in 548
recessive tolerance 23
regulatory T cells (Tregs) 23-8

characteristics 24-5
function 27-8
intra- and extra-thymic generation 25-6
lifestyle 26-7

Reiter’s spondylitis, anti-CD3 therapy in 548
RelA 584
Resiquimod 236
Revised Leeds Disability Questionnaire (RLDQ) 607
rheumatoid arthritis (RA) 11, 13, 31, 276-7, 469

belimumab in 535
B-lymphocyte stimulator in 534
cf. juvenile idiopathic arthritis 426
complement blockade 520-1
current treatments 324-6
cytokines in 298-300, 298
development of therapeutic agents for 325-6, 325
direct chemokine and chemokine receptor

targeting in humans 277
effects of anti-rheumatic agents on chemokines 276-7
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rheumatoid arthritis (RA) (Continued)
effects of anti-TNF-α biologicals on chemokines

production 277
IL-2 in 298-9
IL-4 in 299
IL-6 and 153-5, 165, 519-20
IL-7 in 299-300
IL-13 in 162, 164-5, 165
IL-15 in 299
IL-21 in 300
JAK-STAT signaling pathway in 297-302
macrophages in 45-59
new targeted therapies for 521
proinflammatory cytokine blockade in 385-8
role of fibroblast-like synoviocytes in 319
suppressor of cytokine signaling (SOCS) in 301,

305-13, 306
T-cell contact-mediated activation 94-6, 95-6
TLRs in 111
TNF-α in 485
tocilizumab in 519
type I IFN in 240
Wnt pathway cross-talk in 321-4, 323
Wnt signaling in 319, 320-4

Rheumatoid Arthritis Disease Activity Index
(RADAI) 610

ribavirin in hepatitis C virus-associated mixed
cryoglobulinemia 461

RIP-1 110, 234, 286, 287
Ritchie Articular Index 604
rituximab 509-14

in hepatitis C virus-associated mixed
cryoglobulinemia 461-2

in myositis 477
in non-hepatitis C virus-associated

cryoglobulinemia 462
in rheumatoid arthritis 509-12
in systemic lupus erythematosus 437, 438, 512-14, 512
in Wegener’s granulomatosis 457

rosiglitazone 587
Rwist1 322
RWJ-67657 576

S

S100A8 see MRP 8
S100A9 see MRP 14
salicylic acid 113, 586
sarcoidosis, TNF-α in 485, 487-8
SARM 110
sCD40L 10
Schistosoma mansoni, IL-13 in 161
SCI-469 576
scleroderma

B-lymphocyte stimulator in 534

IL-13 in 162, 165-6
SDF-1 see CXCL12
secreted IL-1 receptor antagonist (sIL-1Ra) 86, 87
selective metalloproteinase inhibitors and clinical

trials 377-80, 379-80
self-tolerance 23-4
Sendai virus 235
septic arthritis 50
serum amyloid A (SAA) 604
sFRP1 321
sFRP3 321
sFRP4 321
SHIP-1 33, 36
SHP-1 36
Sia α 2-6Gal 37
SIGIRR 392, 393
sIL-1Ra 92
Simplified Disease Activity Index (SDAI) 608
simvastin 4
Sjogren’s syndrome 31, 462

IL-13 in 162
IFN in 236, 240
TNF-α in 485-6
B-lymphocyte stimulator in 534

skin involvement 605
SLC/CCL21 271, 273
SLP-65 34-5
Smad 3 322
Smad 4 322
soluble IL-1 receptor accessory protein (sIL-1RAcP) 86
solumedrol in Wegener’s granulomatosis 457
Sox-9 323
SP600125 113, 573-4, 574, 576, 577
SPC0023579 113
SPC-839 113, 588
spine measures 605
spondylitis 605
spondyloarthritides 413-22

DMARDS in 414
NSAIDs in 413-14
TNF blockers 414-16

spondyloarthropathy 401, 402
Staphylococcus aureus

IL-15 in 176
IL-32 and 227

Staphylococcus epidermidis 199
statins 4
STATs 300, 301

STAT1 160, 187, 213, 227, 238, 239, 272
STAT2 238, 239
STAT3 160-1, 206, 213, 272, 306
STAT6 160, 187

Still’s disease, adult (ASD) 396, 440
TNF-α in 485, 487
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Stoke Ankylosing Spondylitis Spine Score (SASSS) 415
streptococcal cell wall antigen (SCW)-induced

arthritis 275
streptozotocin 2
sulfapyridine 276
sulfasalazine 113, 276, 586-7

in psoriatic arthritis 404
suppressor of cytokine signaling (SOCS) 238, 301,

305-13, 306
SOCS proteins 305-7, 307, 312
SOCS-1 305-9
SOCS-3 306, 307, 309-11
SOCS-4 307
SOCS-5 307
SOCS-6 307
therapeutic potential in rheumatoid arthritis 311-13

swollen joint counts (SJC) 602, 604-5
Syk 33-4
synovial fibroblasts 227-8
synoviocytes 94
synovitis, inflammatory, CXC chemokines in 273
syphilis 112
systemic lupus erythematosus (SLE) 14, 31, 112, 429,

435-42, 469
anti-BLyS 439
anti-C5b 441-2
anti-CD20 in 437-8
anti-CD22 438
anti-CD40 438-9
anti-cytokine therapy 439-41
anti-IL-1 440
anti-IL-6R mAb 440
anti-IL-10 439-40
anti-TNF-α 440
autologous hematopoietic stem cell transplant

(HSCT) 441
B-lymphocyte stimulator in 533-4
BCR signaling in 35
belimumab in 535
CD72 polymorphisms in 37
complement and 342, 520-1
conventional therapies 435-7
CTLA-4-Ig 439
dendritic cells in 71-2
IFN and 236, 440-1
IL-6 in 520
IL-10 in 520
IL-13 in 162, 166
IL-18 in 195
IL-21 and 220
induction of regulatory/suppressive T cells 441
inhibition of costimulatory signals 438-9
LIP-394
MAPKs in 575

mycophenolate mofetil in 437
novel therapies 436, 436, 522
targeting B cells in 437-8
TNF inhibitors and 502
type I IFN in 240
anti-CD40L mAbs in 11

systemic sclerosis 13, 31
IL-13 in 162

T

T cell lymphopenia 1-2
T cells 1-5
T1/ST2 392, 393
TACE see ADAM-17
TACI-Ig see atacicept
tacrolimus (FK506) 2
TAK1 109, 113, 114, 393, 572
TAK1 binding proteins (TAB1, TAB2 and TAB3) 109
TAK-99 275
Takayasu’s arteritis 453-4, 490-1
TALL-1 see B-lymphocyte stimulator
TALL-2 532-3
TANK-binding kinase-1 (TBK-1) 110
tartrate-resistant acid phosphatase (TRAP) 80
TBK-1 (TANK)-binding kinase-1) 110
T-cell bystanders 26
T-cell costimulatory pathways 7-16, 8
T-cell directed therapy

with biologicals 2-3
by blocking T-cell costimulation 3-4
by blocking T-cell migration 4
by immunosuppressant drugs 2
in non-rheumatic diseases 4-5
with statins 4

tender joint counts (TJC) 602, 604-5
tendonitis 605
tetracyclines 360
TGF-β 27
Th2 cells 65-6
Th3 cells 65
thalidomide 427, 587
THANK see B-lymphocyte stimulator
thiazoledinediones 587
THP-1 88
thrombotic thrombocytopenic purpura (TPP) 373
thymidine kinase (Tk) gene therapy 58
thyroiditis, autoimmune, IFN n 240
TICAM-2 109
TIGIRR 392, 393
TIMPs 58, 353, 354, 369, 372

TIMP-1 94, 95, 375, 381, 585-6
TIMP-2 94, 381
TIMP-3 94, 361-2, 372

TNA as stimulation of RANKL 81
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TNF 87
TNF blockade 485-92
TNF induction 92
TNF inhibitors, safety of 497-505, 498

action of inhibitors 504
agent-related reactions 503
assessment of data 498-9
consequences of inhibition 502-3
host factors 499
sources of information 498
target-related reactions 500-2

infections 500
opportunistic infections 500-1
tuberculosis 501
malignancies 501-2

TNF soluble receptors (TNFsR) 86
TNF-blockers 81
TNF-R1 485
TNF-R2 485
TNF-receptor-associated factors

TRAF2 252, 286, 287, 288, 289
TRAF3 290
TRAF5 252, 286
TRAF6 108, 109, 113, 114, 233, 252, 286, 287, 288,

289, 393
TNF-related apoptosis-induced ligand (TRAIL) 70, 251
TNF-α 10, 45, 50, 80, 133-43

animal models 138-9, 139-40
anti-TNF therapy restores impaired T-cell 

function 143
biological role 141-3
blocking in rheumatoid arthritis 58
bone and cartilage protection 142
in cartilage destruction 54-5
cytokine expression in rheumatoid synovium 135-

7, 135, 137
cytokine gene regulation in synovium 137-8, 138
cytokine regulation 141
cytokines and rheumatoid arthritis 134-5, 134
in idiopathic inflammatory myopathies 472
inflammation, cell recruitment and blood vessels

141-2
in myositis 477
in osteoclast formation 79
in psoriasis 402
in psoriatic arthritis 402
up-regulation control in rheumatoid arthritis 139-41

TNFSF138 see B-lymphocyte stimulator
TNFSF13A 532-3
tocilizumab 149, 150, 581

in Castleman’s dsease 156
in rheumatoid arthritis 153-5, 519

phase I/II trials 153
phase II trials 153-5, 154
phase III trials 155

in systemic-onset juvenile idiopathic arthritis
(SOJIA) 155-6

Toll/IL-1R signaling pathways 393
endogenous inhibitors of 393

Toll-interacting protein (Tollip) 109
toll-like receptors (TLRs) 105-14

arthritis and 110-14
historical overview 106
involvement in autoimmune and inflammatory

diseases 110-12, 112
ligands 106-7
MyD88-dependent pathways 108-10, 108
MyD88-independent pathways 110
signaling 107-10, 108
structure 107-8
targeting signaling for the discovery of new

therapeutic agents 112-14
TLR1 106
TLR10, 12, 13 107
TLR11 107
TLR2 (Pam3Cys) 106, 107, 109, 111, 227
TLR3 (poly I:C) 106-7, 110, 111, 113, 227
TLR4 91, 106, 109-10, 111, 112, 113, 233
TLR5 (flagellin) 107, 109, 110, 111, 112, 227
TLR6 110
TLR7 107, 109, 111, 233, 234, 236
TLR8 109, 233
TLR9 (CpG) 107, 109, 227, 233, 234, 236

TR1 cells 65
TRADD 286
TRDL01 532-3
Treponema pallidum 112
TRIF 110, 393
TRIF-related adapter molecule (TRAM) 108-9, 110, 393
triptolide 380, 588
TRL4 109
Trocade 361
troglitazone 587
tuberculosis 387, 501

IL-17 in 190
tumor necrosis factor see under TNF
TUNEL 142
Tyk-2 297
TZLR6 106

U

ulcerative colitis
anti-CD3 therapy in 548
IL-13 in 166
TLRs in 111

uridine monophosphate 2

V

vascular endothelial growth factor, IL-6 and 
150-1, 151
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vasculitis 449-62
TNF-α in 485, 489-91
type I IFN in 240

VCAM-1
in rheumatoid arthritis 95, 96
upregulation by IL-13 161, 164-5

VDIPEN 54, 356
vidarabin in hepatitis B virus-associated 

vasculitis 460
vimentin 67
virus-responsive elements (VREs) 232
VISA 234
visilizumab 546
visual analog scales (VAS) 602, 611
VX-702 576
VX-745 576

W

Waldenstrom’s macroglobinemia 462
Walking time test 607
Wegener’s granulomatosis 454-8

B-lymphocyte stimulator in 534
genetic influences 455
granuloma formation 454-5
immune dysfunction 455
new therapies 457-8
pathogenesis 454-7
proteinase-3 in 197
role of ANCAs 456-7
TNF inhibitors in 502
TNF-α in 485

Wnt inducible secreted protein 2 (WISP2) 324
Wnt signaling 317-26

canonical signaling 317

in degenerative joint diseases 319-20
non-canonical signaling 317-19
in osteoarthritis 319-20

current treatments 324-6
development of therapeutic agents for 325-6, 325
role of chrondrocytes in 320

in rheumatoid arthritis 319, 320-4
current treatments 324-6
development of therapeutic agents for 325-6, 325
role of fibroblast-like synoviocytes in 319
Wnt pathway cross-talk in 321-4, 323
Wnts and activation of downstream signaling

pathways 322-4
Wnts and cytokines, growth factors and

chemokines 321-2
Wnt/JNK pathway 317

X

XCL1 see lymphotactin
XCR1 272
X-linked agammaglobulinemia (XLA) 34
X-linked immunodeficiency 34, 35
X-linked severe combined immunodeficiency

(XSCID), IL-21 and 211, 213

Y

YEGL 33

Z

Zap-70 25
ZO-1 122
zoledronic acid 82, 254, 256
zTNF4 see B-lymphocyte stimulator
Zymosan arthritis 50
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