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During the past decades important breakthroughs have been made in the treatment 
of rheumatoid arthritis (RA). First, the implementation of low-dose methotrexate 
and other conventional disease-modifying anti-rheumatic drugs was introduced 
as an effective treatment. Second, it was recognized that early immunomodula-
tory treatment is crucial for controlling the disease and its long-term destructive 
effects more effectively. Parallel advances in research on the pathogenesis of RA 
and cytokine biology converged in identifying tumor necrosis factor (TNF) as a 
key factor in inflammation and matrix destruction. The concept arose that elevated 
TNF concentrations at the sites of inflammation were driving disease pathology, 
and the removal of excess TNF from sites of inflammation became a therapeutic 
goal. Clearly, TNF blockade has revolutionized the treatment of RA, as well as 
other immune-mediated inflammatory diseases. Anti-TNF treatment results in clini-
cal benefit in a significant proportion of the patients, and it has provided proof of 
concept for the principle of targeted therapy.

Despite the impressive disease-modifying effects of the TNF blockers, not all 
patients respond, and patients who exhibited an initial response may lose response 
due to the development of anti-drug antibodies (human anti-chimeric antibodies 
and human anti-human antibodies, respectively) and perhaps as a result of escape 
mechanisms related to the disease process. In fact, the majority of the patients still 
have disease activity in at least one or two actively inflamed joints. In addition, 
there have been numerous reports of moderate to severe adverse events associated 
with their continuous use. There is also still some uncertainty as to how long the 
available anti-rheumatic biologicals can be continuously employed as RA therapies. 
Thus, there is still a huge unmet need in the current management of RA.

New therapeutic options would include new targeted therapies, perhaps com-
binations of biological therapies, targeting of synovial fibroblasts, individualized 
therapies determined by personal profiles of clinical features and biomarkers, and 
local treatment for persistent joint disease. 

The aim of this book is to highlight advances regarding new therapeutic targets 
in RA. Obviously, not all therapeutic targets that are currently under investigation 

xi
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can be discussed in one book. Therefore, a choice has been made that will allow 
insight into targeted therapies with novel mechanisms of action that have recently 
entered the market. In addition, we present examples of new therapeutic strategies 
that are in preclinical or clinical development. The first three chapters are devoted 
to new treatments interfering with B cells, T lymphocyte costimulatory pathways 
and the interleukin (IL)-6 receptor. These chapters summarize the clinical effects 
and mechanism of action of new anti-rheumatic treatments that have been shown 
to be effective (rituximab, abatacept, and tocilizumab) and discuss new related 
approaches. Rituximab, abatacept, and tocilizumab have become useful additions 
to the available treatments for RA and, together with the TNF blockers, they have 
also paved the way for the development of new targeted therapeutic strategies. 
These biological treatments have raised the bar considerably for the efficacy of new 
treatments, but the fact that roughly one third of the patients does not respond to 
currently available treatments leaves a major challenge in RA research. 

The next six chapters review data on new approaches that have, in part, been 
tested in patients with RA, but where there is still uncertainty about the clinical 
effects, or where the results of clinical trials have not yet been published: e.g., tar-
geting IL-1, IL-15, IL-17, IL-18, chemokines, and signaling pathways. Chapter 10 
describes oncostatin M, a pleiotropic cytokine with potential utility as a treatment 
for inflammatory arthritis; clinical trials aimed at blocking this cytokine may be 
expected in the near future. Chapter 11 is dedicated to a fundamentally different 
approach: targeting the epigenetic modifications of synovial cells, which is still in 
the preclinical phase. Finally, chapter 12 provides a more general perspective of the 
lessons learned from the use of targeted therapies with regard to the utility of animal 
models of RA, clinical trial design, pharmacodynamics, immunobiology and key 
pathogenic elements of disease.

I am grateful to all contributors to this volume for sharing their expertise from 
basic science to clinical trials and vice versa; all of them are key opinion leaders who 
work at the cutting edge of the development of innovative therapies for RA. I would 
also like to thank Hans Detlef Klüber of Birkhäuser Verlag AG for his patience and 
support. I hope all readers will be as thrilled as I am with the exciting developments 
in this field.

Amsterdam, October 2008 Paul P. Tak
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Abstract

B cells are critical to the pathogenesis of rheumatoid arthritis (RA). There is substantial evidence 
of the efficacy of depletion of B cells in many patients with RA using the first licensed agent, 
rituximab. Recent research has focused on enhancing efficacy using other targets to inhibit B cell 
function, including other B cell-depleting antibodies and cytokines critical to B cell function. The 
rationale for new B cell targets is discussed, as well as clinical data.

Introduction

B cells are central to concepts of rheumatoid arthritis (RA) pathogenesis as well as 
novel therapeutic approaches. The successful use of B cell-depleting therapies has led 
to significant insights but many questions remain unanswered. This chapter reviews 
the scientific concepts underlying the proposed roles of B cells in RA, related factors 
that influence B cell behaviour and RA disease processes, and considers therapies 
directed at these targets, both in terms of scientific rationale and clinical results. 

B cells develop from haematopoietic stem cells in the bone marrow (BM). They 
then migrate through the blood to perifollicular, germinal centre and memory com-
partments in lymphoid tissue, while developing through maturation and activation 
stages. Mature naïve B cells exit the BM to enter blood and express CD20 while in 
the circulation; they can also be identified on the basis of their lack of expression for 
CD27 and variable expression of CD38 (from low to none). Following migration 
to lymph nodes and germinal centres, naïve B cells become activated and develop a 
memory phenotype, now expressing CD27+ but not CD38. After further differentia-
tion, memory cells become plasmablasts and return to the BM to become plasma 
cells. Their phenotype is now CD27++ and CD38++. The fate of plasma cells is a 
matter of some debate (Fig. 1). The life span of plasma cell varies from a few days 
to several months, and plasma cells have been divided in two categories, short lived 
and long lived [1]. The switch from antibody binding to secretion of antibody marks 
the final transition from B cells to plasmablasts and plasma cells.

B cell targets in rheumatoid arthritis 

Edward M. Vital, Shouvik Dass and Paul Emery 

Section of Musculoskeletal Disease, Leeds Institute of Molecular Medicine, University of 
Leeds, Chapel Allerton Hospital, Leeds LS7 4SA, UK
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Antibody secreted by plasma cells has a number of functions. It may directly 
attack (or stimulate) an antigen; alternatively, binding to antigen may draw in effec-
tor mechanisms of the innate immune system such as opsonisation, complement 
activation and antibody-dependent cellular cytotoxicity (ADCC). However, it is the 
production of autoantibody by B cells that is thought to lie at the heart of some 
autoimmune diseases, including RA. Therapies have so far focused on B cell deple-
tion; but while effective in many patients, clinical responses are variable. It is also 
clear that changes in autoantibody levels do not necessarily correlate with response 
and relapse. It remains unclear whether better efficacy may be achieved by enhanc-
ing depletion further or whether the pattern of eventual B cell repletion is key or, 
indeed, whether these are linked. Newer therapies in development are attempting 
to modulate B cell activity rather than simply depleting B cells. These issues are 
discussed below. 

The role of B cells in RA

Current hypotheses of pathogenesis of RA focus on autoantibody production, 
immune complex generation and the roles of B cells in inflamed synovium. These 
are discussed below.

Figure 1
Expression of surface markers and BLyS/APRIL receptors during B cell development.
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Immune complexes in RA

The role of immune complexes as inducers of inflammation in RA was inferred 
based on their presence in the joint and the consumption of complement specifi-
cally in the joints [2, 3], as well as evidence from animal models of inflammatory 
arthritis. More recently, the distribution of macrophage Fc RIIIa in normal human 
tissues was found to closely correlate with the pattern of tissue involvement in RA 
[4]. Binding of this receptor to immune complex gives rise to inflammatory media-
tors including TNF-  and IL-1  [5]. Animal models of immune complex-mediated 
arthritis, such as the anti-glucose-6-phosphate isomerase antibodies of the K/BxN 
mouse, are dependent on the Fc RIII and complement cascade system [6]. Comple-
ment component production and activation have been demonstrated in the syn-
ovium of rheumatoid, but not osteoarthritis patients [7].

The role of rheumatoid factor

Rheumatoid factor (RF) is present in more than 80% of patients with RA, and 
may be detectable in the synovium (but not the blood) of some “seronegative RA” 
patients [8]. Low-affinity “physiological” RF is produced transiently in infectious 
disease, in which it may facilitate clearance of immune complexes by causing aggre-
gation into larger complexes [9, 10]. In addition to this effect, RF-producing B cells 
may bind immune complexes containing foreign antigen and present it efficiently to 
T cells, thus receiving T cell help without needing the presence of an autoreactive, 
Fc-specific T cell [11]. High-affinity RF-producing B cells that occur in RA may 
survive and proliferate by a similar mechanism [12].

An early observation in RA was the correlation of the titre of IgM RF with 
synovial complement consumption [2, 3]. Although IgM RF is most frequent, class-
switched RFs are also found, especially in patients with higher RF titres. IgG RFs 
are able to self-associate, particularly in the joints where there is a relative paucity of 
normal immunoglobulin (Ig) but large numbers of RF-producing plasma cells [13]. 
Self-associated IgG RF has also been hypothesized to contribute to pathogenicity of 
immune complexes in RA by forming smaller, dimeric complexes that evade clear-
ance by complement in blood and access the joint more easily [14].

B cells in the RA synovium

The rheumatoid synovium frequently contains infiltrates of B and T lymphocytes. 
Their presence, number and histological appearance is, however, variable between 
patients, and occurs in other diseases besides RA, so the role of these cells within 
inflamed synovial tissue is complex.
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Lymphocytes in the RA synovium are usually arranged in one of three patterns. 
The majority of patients have a diffuse lymphocytic infiltrate, but substantial numbers 
have aggregates of B and T cells (without follicular dendritic cells) or germinal centre-
like clusters of B and T cells with interdigitating dendritic cells [15–18]. Synovium dis-
playing germinal centre architecture is also characterised by high levels of the cytok-
ines lymphotoxin-  and lymphotoxin-  and the chemokines CCL21 and CXCL13. 
Lymphoid clusters may be surrounded by plasma cells [15, 19] and the presence of 
germinal centre-like architecture has been associated with increased synovial produc-
tion of IgG mRNA [20]. Synovial germinal centre-like structures, however, are not 
exclusive to RA, and are also observed in diseases not thought to be B cell mediated, 
such as ankylosing spondylitis [21] and psoriatic arthritis [22]. The presence of larger 
numbers of plasma cells does, however, appear to be more specific for RA [23].

Synovial B cells often have a mutation pattern of antibody genes characteristic 
of selection based on antigen specificity and in situ B cell differentiation [24, 25]. 
In addition, sharing of T cell receptor sequences between germinal centres within 
individual patients is seen [26]. Plasma cells may, therefore, accumulate due to a 
local germinal centre reaction; however, in early RA they may also be migrating 
towards chemokines such as SDF-1 [27] and CXCL9 [28]. This latter explanation 
is also supported by reports of plasma cell infiltration in early arthritis with only 
small numbers of synovial B cells and no lymphoid follicles [29].

Although anti-CD20 monoclonal antibodies (mAbs) such as rituximab usually 
deplete peripheral blood B cells profoundly, their effect on synovial B cells is far less 
consistent, with many patients showing only partial depletion in synovial B cells [30–
32]. The synovium therefore appears to be an important niche through which B cells 
may evade depletion. This may relate to dose and tissue penetration of rituximab, but 
may also be a function of the microenvironment of the synovium. The factors SDF-1 
[33] and BLyS [34] are survival factors for B cells produced in the RA synovium that 
may protect them from rituximab-mediated apoptosis, as was found in lymphoid tis-
sue in an animal model [35]. Effectiveness of anti-CD20 mAbs against pathogenic 
plasma cells will depend on targeting these cells’ parent lymphocytes and/or cytokines 
and chemokines involved in plasma cell generation, survival and homing to the joint 
[36]. Although greater synovial depletion of B cells might be associated with better 
clinical responses [30], it is not yet clear whether this is related to a downstream effect 
of in situ B cell function and short-lived plasma cell generation or whether it merely 
reflects reduced B cell trafficking into the joint as a result of reduction of inflammatory 
cytokines and chemokines, as occurs in other non-B cell-specific biological therapies.

CD20 as a therapeutic target

CD20 is a 33–37-kDa, non-glycosylated phosphoprotein that is expressed on the 
surface of almost all mature B cells. It has been successfully targeted using the mAb 
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rituximab in a variety of haematological malignancies and rheumatic autoimmune 
diseases. However, the biology of CD20 and the mechanisms of targeting it are not 
completely understood. This is in part because CD20 appears to have no natural 
ligand and also because CD20 knockout mice display an almost normal phenotype 
[37, 38].

The gene for mouse and human CD20 was completely cloned in 1988 [39–42]. 
It is located at chromosome 11q12-q13 and consists of eight exons and is 16 kbp 
long. It is regarded as part of the MS4A gene family [43, 44]. CD20 spans the mem-
brane four times and has two extracellular loops, with the larger thought to contain 
a motif vital for antibody binding [45, 46]. Homology between the MS4A genes is 
observed in the transmembrane regions and this may suggest that the transmem-
brane regions may be most important for the function of these proteins [46].

Human CD20 expression commences at the early pre-B cell stage and is main-
tained until terminal differentiation into plasma cells [47]. The interaction of tran-
scription factors to control CD20 expression is incompletely understood. However, 
it seems that CD20 expression is regulated by both B cell-specific transcription fac-
tors as well as other proteins that are not dependent on any specific stage of B cell 
development [46]. After expression, CD20 appears to reside in the cell membrane 
as either dimers or tetramers [48, 49]. It has been reported to localise with CD40, 
MHC class II and the B cell receptor for antigen (BCR) [50–52]. Both CD20 and 
BCR target to microvilli, which are specific membrane protrusions; it has been sug-
gested that this may indicate a combined role for CD20 and the BCR in detecting 
antigen and subsequent signalling [53]. However, the precise function of CD20 is not 
known. There are only limited numbers of reagents to murine CD20 [37] and most 
information has been deduced from the use of mAbs to CD20 on human B cells and 
B cell lines. Different mAbs to CD20 produce a variety of different effects, including 
enhanced survival [54], activation and proliferation [55, 56], growth inhibition [57] 
and cell death [57–62]. Some of these different mAbs have been shown to induce 
a range of different calcium flux responses [48] and this may support the notion 
that CD20 may be involved in the generation and regulation of calcium transport 
triggered by other receptors. The release of calcium from intracellular stores, when 
combined with the influx of extracellular calcium via membrane channels leads to 
a rise in cytoplasmic calcium levels, which is required for B cell activation. Calcium 
flux is observed upon stimulation of the BCR and CD19 and this is reduced in 
CD20 knockout mice [37]. It is thought that CD20 may be the ion channel that can 
open to allow influx of calcium to replace depleted intracellular stores [63].

A variety of anti-CD20 mAbs have now been described. It has been suggested 
that these mAbs can be divided into two functional groups [62, 64, 65]. All appear 
to be equally effective at inducing ADCC but type I anti-CD20 mAbs, for example, 
rituximab, appear to induce much more potent complement-dependent cytotoxicity 
(CDC) mechanisms than type II anti-CD20 mAbs. The latter appear to induce more 
aggregation and apoptosis [66]. This functional distinction could have implications 
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in the mechanism of action of different mAbs targeting CD20 with therapeutic 
consequences.

The contribution of various mechanisms of action of anti-CD20 mAbs in lead-
ing to B cell depletion is not completely understood. Four different possibilities 
exist: ADCC through effector cells, the involvement of complement (CDC), direct 
induction of cell death or growth inhibition and the stimulation of host-adaptive 
immunity [46]. The first three of these mechanisms are well supported by evidence 
but the last is less so. 

The role of effector cells (such as NK cells and macrophages) bearing FcR has 
been demonstrated in both animal models [67] and clinical settings in both haema-
tological malignancy and autoimmune disease. It is through the FcR that these cells 
interact with the Fc portions of Igs. There are three classes of FcR: FcRI (CD64), 
FcRII (CD32) and FcRIII (CD16). FcRIa, FcRIIa, FcRIIc and FcRIIIa are activating 
receptors, which when cross-linked lead eventually to cellular responses such as 
phagocytosis and ADCC [68]. FcRIIb is the only inhibitory FcR. Most cells express 
both activating and inhibitory receptors, although NK cells only express the former. 
In haematological disease, high-affinity antibody binding FcR allotypes correlate 
with improved response rates in follicular lymphoma treated with rituximab [69]. 
Human Fc RIIIa has polymorphisms at various positions; at position 158, this 
results in either valine (V) or phenylalanine (F) expression. The former has been 
associated with improved response to rituximab and greater depletion of B cells. In 
individuals with the FcRIIa-158 V/V genotype, increased CD16 expression on NK 
cells, rituximab binding and augmented rituximab-dependent ADCC were observed 
[70]. In systemic lupus erythematosus, the Fc RIIIa genotype has been also been 
related to the degree of B cell depletion after rituximab [71].

A variety of sources provide evidence for the role of complement mechanisms in 
CD20 immunotherapy. Complement is consumed during rituximab administration 
[72], thereby demonstrating that it is activated after therapy. Other experiments 
have demonstrated that the sensitivity of lymphoma cells to CDC in vitro is linked 
to their resistance to rituximab in vitro [73]. Systems in which complement has been 
removed, e.g. C1q-deficient mice, have also confirmed the role of CDC [74]. Beyond 
direct CDC, complement may stimulate opsonisation and may also promote the 
activity of effector cells. These mechanisms are being investigated [46].

Several factors affect the potency of CD20 in driving complement mechanisms 
on ligation with mAb. CD20 does not appear to be modulated in vitro after such 
ligation [75–77] and so complement activation is not adversely affected by down-
regulation of the initial stimulus. However, whether this lack of modulation still 
holds in in vivo situations is less clear [78]. The structure of CD20 is such that 
mAb is bound close to the plasma cell membrane and this is also the case for other 
potent CDC antigens, such as CD52 [79]. Another important factor appears to be 
the mobility and positioning of antibody-antigen complexes in the plasma cell mem-
brane. This draws on the distinction made earlier between different types of mAb 
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to anti-CD20. Thus, type I mAbs induce translocation into Triton X-100 (Tx-100)-
insoluble lipid rafts and are much more potent at activating lytic complement than 
type II mAbs, which do not induce such lateral translocation of antibody–antigen 
complexes [62] (lipid rafts are highly ordered membrane domains abundant in gly-
cosphingolipids, cholesterol and signalling proteins such as Src kinases).

Anti-CD20 mAbs can also trigger signals leading to cell death or cell arrest [58–
62, 64]. In patients treated with rituximab for B cell chronic lymphocytic leukaemia 
(B-CLL), better clinical responses and more extensive depletion of CD20-positive 
cells correlated with apoptosis as detected by caspase-3 and -9 processing [80]. The 
redistribution of CD20 into lipid rafts may also be of importance. Changes in the 
regulation and activity of Src-like tyrosine kinases, which are  present in high levels 
in that environment, may be important in CD20-induced apoptosis [59]. Other 
methods of inducing cell death not related to lipid rafts may also include a certain 
degree of CD20 cross-linking, which triggers apoptotic pathways, including caspase 
activation [81].

CD20 is an attractive target antigen for a number of reasons. The range of its B 
cell expression means that depletion of CD20-positive cells leaves the population of 
stem cells and plasma cells intact, ensuring eventual repletion of B cells as well as 
IgG levels, at least in the early stages of therapy. The lack of modulation of CD20 
also makes it attractive for therapies that may work via CDC and ADCC. These 
mechanisms are also aided by the high expression of CD20 (100 000–200 000 copies 
on most B cell lines).

Future research into CD20 as a therapeutic target, particularly in autoimmune 
disease, may centre on the antigen itself as well as targeting antibodies. With regard 
to the former, questions have been raised about the the presence of a circulating 
soluble CD20 (cCD20), which may block the binding of rituximab to target cells. 
Such cCD20 has been detect in patients with non-Hodgkin’s lymphoma (NHL) and 
CLL, and to a lesser extent in normal controls [82, 83]. This could also affect the 
measurement of rituximab concentrations in pharmocokinetic studies. Many of the 
factors influencing the pharmacokinetics of rituximab are incompletely understood. 
The initial choices of doses in haematology, which influenced to a degree those 
eventually selected in rheumatology, were mostly based on industrial considerations 
[84]. Relationships have been reported between rituximab exposure and tumour 
response [85] and progression-free survival [86]. In systemic lupus erythematosus 
(SLE), the degree of lymphocyte depletion correlated inversely with rituximab con-
centration 2 months after treatment [71]. In both haematological and autoimmune 
disease, rituximab pharmacokinetics can be described by a two-compartment model 
[84]. This suggests that the expression of CD20 (presumably higher in patients with 
tumours than in autoimmune disease) does not affect rituximab pharmacokinetics 
and exposure. Thus, the variation in exposure to rituximab is not yet fully explained 
but may relate to factors influencing the avidity of rituximab binding, e.g. FcR sub-
types and polymorphisms therein, as described earlier.
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With regard to anti-CD20 mAbs as a group, which antibody is optimal for the 
different disease processes it is not yet clear. Rituximab may work mainly via CDC 
mechanisms. Complement processes may be most effective in situations where the 
target cell is blood borne, allowing good access, i.e. type I anti-CD20 mAbs may be 
most suitable. Whether this applies to autoimmune rheumatic diseases is also not 
entirely clear and indeed in different diseases, such as RA and SLE, different mAbs 
may be useful. In the former, it remains to be seen how well rituximab affects B 
cells in compartments other than blood (e.g. synovium) and whether this is relevant 
to clinical outcomes; in the latter, which is often associated with complement defi-
ciency or defects, mAbs that act by non-complement-dependent mechanisms may 
be more useful. Understanding the cell death pathway more completely will clearly 
be of key importance and recent advances demonstrating the possibility that CD20 
may be a calcium channel may be of great relevance here. Parallel to this lies further 
work in developing different CD20 mAbs and studying the true differences in the 
mechanisms by which different mAbs induce cell death.

The BLyS system and its role in RA

The molecules of the B lymphocyte stimulator (BLyS) system seem to have a role at 
most, if not all, stages of B cell development. Two related TNF family ligands and 
three TNFR family receptors have been described that have complex and sometimes 
overlapping binding and function in B cell homeostasis (Fig. 2). The ligands are 
BLyS (also commonly called BAFF and TALL-1) [87–90] and ‘a proliferation-induc-
ing ligand’ (APRIL, TALL-2) [91]. These interact with the receptors transmembrane 
activator and calcium modulator and cyclophylin ligand interactor (TACI, CD267), 
BLyS receptor 3 (BR3, BAFF-R, CD268) and B cell maturation antigen (BCMA, 
CD269). BLyS binds strongly to BR3, and more weakly to BCMA. APRIL binds 
strongly to BCMA. Both ligands bind TACI equally. The function of individual 
components has been elucidated in mouse and human studies.

The ligands BLyS and APRIL are closely homologous and, like other members 
of the TNF family, form active soluble homo- and heterotrimers [92–94]. Although 
BLyS is predominantly produced by monocytes, macrophages and dendritic cells 
[95], there is also evidence of production by neutrophils [96], and in some situations 
B cells [97, 98]. The release of BLyS by myeloid cells is stimulated by pro-inflamma-
tory cytokines including interferon (IFN)- , TNF-  and IL-10 [95, 99].

Functions of BLyS

When mice are treated with BLyS, splenic B cell numbers are increased [87] due to 
increased B cell survival [100]. This is mediated by modifying the ratio of expression 
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of pro- and anti-apoptotic molecules [101]. BLyS transgenic mice have expansion 
of mature B cells in peripheral blood, lymph nodes and spleen. They also develop 
hypergammaglobulinaemia, autoantibodies characteristic of human rheumatic dis-
eases including RF, antibodies to nuclear antigens and cryoglobulins, and also renal 
immune complex deposition [102, 103]. In contrast, BLyS knockout mice have T1, 
but no T2, marginal zone or follicular B cells in the spleen or lymph nodes and no 
B2 in the peritoneum and markedly reduced Ig levels [104]. In contrast to mice, 
neither transitional nor plasma cells proliferate in response to BLyS in humans, but 
mature B cells and plasmablasts do [105]. As well as its role in B cell development 
and homeostasis, BLyS is important for normal B cell function in response to anti-
gen. The production of BLyS by dendritic cells under stimulation by CD40L and 
IFN-  has been shown to be crucial to induction of class-switch recombination fol-
lowing BCR engagement [106].

Functions of APRIL

The function of APRIL is less well understood. APRIL does not have equivalent 
in vitro B cell stimulatory properties [107, 108]. APRIL transgenic animals do 

Figure 2
Binding between ligands and receptors of the BLyS/APRIL system. Note that BLyS and APRIL 
can also form homo- or heterotrimers that are biologically active (solid lines indicate stronger 
binding than the dashed line).
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not have an abnormal B cell phenotype or B cell-mediated autoimmune disease as 
occurs in BLyS transgenic animals [108]. APRIL knockout animals have apparently 
normal immune systems. APRIL does, however, form heterotrimers with BLyS in 
patients with autoimmune disease, and may have a role in modulating BLyS func-
tion [109].

BLyS and APRIL receptors

Human transitional, naïve, germinal centre and memory B cells in the spleen, 
peripheral blood and bone marrow all bind BLyS, but pro-, pre- and immature B 
cells do not. Human subsets of B cells differ in their expression of receptor for BLyS 
and APRIL, which determines their sensitivity to these ligands (Fig. 1).

In transitional and naïve B cells, only BR3 is expressed. Other BLyS receptors are 
only expressed on later subsets. Memory B cells bind BLyS by either BR3 or TACI, 
but not BCMA [110]. BLyS enhances their survival but not proliferation. After dif-
ferentiating into plasmablasts, BR3 is down-regulated, and TACI and BCMA are 
expressed [111]; BLyS also enhances survival of these cells. Terminally differentiated 
plasma cells, however, do not express any BLyS receptor nor respond functionally 
[110]. 

BLyS system in RA

Serum levels of BLyS and APRIL are elevated in many rheumatic diseases [112] and 
in RA higher levels in synovium confirm that there is local production here [34]. 
The production and function of BLyS system molecules differs in synovia with dif-
ferent lymphoid architecture [113]. While macrophages produce BLyS in all types of 
rheumatoid synovitis, APRIL production (by dendritic cells) is greatest when there 
is a germinal centre-like pattern, lower in aggregate synovitis and lowest in diffuse 
synovitis. Similarly, although BR3 and TACI are expressed equally in all tissues, 
the relatively APRIL-specific receptor BCMA is expressed more strongly in germi-
nal centre or aggregate synovitis than in diffuse synovitis. Treatment of a human 
synovium-SCID mouse chimera with TACI-Fc inhibits Ig and IFN-  production 
in germinal centre synovitis; it also destroys the germinal centres themselves and 
reduces B, T and follicular dendritic cell numbers. In diffuse and aggregate synovi-
tis however, Ig production is not affected by treatment with TACI-Fc, and IFN-  is 
actually increased. Thus, the roles of BLyS and APRIL in the rheumatoid synovium 
are complex and may vary according to disease subtype.
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Agents that target CD20

Rituximab

Data regarding the clinical efficacy and safety of rituximab are largely derived from 
three double-blind, randomised, placebo-controlled studies, each of which demon-
strated superiority to methotrexate in control of disease activity [114–116].

In RA, rituximab has been given as a fixed dose (i.e. not determined by surface 
area) as two infusions, separated by 14 days. Each infusion comprised 500 mg or 
1 g. The first Phase IIa study [115] indicated that the combination of two infusions 
of 1 g rituximab with methotrexate (10–25 mg weekly) was significantly better than 
methotrexate alone in allowing patients to achieve American College of Rheuma-
tology (ACR) 50 response 6 months after therapy (43% vs 13%, p = 0.005). The 
REFLEX study [114], which investigated patients who had inadequate response to 
anti-TNF therapy, also demonstrated that use of two infusions of 1 g rituximab with 
methotrexate was superior to methotrexate alone in achieving ACR20 response 
after 6 months (51% vs 18% respectively, p < 0.0001).

The Phase IIa study [115] demonstrated that the combination of rituximab with 
either methotrexate or cyclophosphamide was significantly better than methotrex-
ate monotherapy in achieving ACR50 response at 24 weeks and this was main-
tained at 48 weeks. However, the combination of rituximab and methotrexate was 
the only one to demonstrate significantly higher frequency of ACR70 response at 
24 weeks compared to the control group and has become the standard combination 
in subsequent studies. Although rituximab monotherapy was significantly better 
than methotrexate monotherapy at 24 weeks (p < 0.002), this improvement was no 
longer statistically significant at week 48. How methotrexate prolongs the benefits 
of rituximab therapy is not yet fully understood. The concomitant use of methotrex-
ate does not appear to affect the duration of B cell depletion [117]. There are case 
series that suggest that other disease-modifying anti-rheumatic drugs (DMARDs) 
may be safe and effective in combination with rituximab [118], although further 
studies are required with such agents. 

The initial use of rituximab in RA drew considerably on experience from hae-
matology and so rituximab infusions were preceded by intravenous steroids and 
a course of oral steroids was prescribed between infusions. The DANCER study 
showed that intravenous steroids significantly reduced the incidence and severity of 
acute infusion reactions but neither intravenous nor oral steroids appear to have any 
significant effect on efficacy at 24 weeks [116].

Infusion reactions and infections
A pooled analysis with regard to safety has recently been undertaken of 1039 
patients in the rituximab RA treatment programme [119]. Over 3 years, rituximab 
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and placebo-treated patients experienced similar numbers of serious and non-seri-
ous adverse events. Infusion-related events included , pruritus, urticaria, pyrexia, 
throat irritation and hypertension. In rituximab-treated patients it is thought that 
these reactions are due to cytokine release following B cell lysis. Such symptoms 
affected approximately 15% of rituximab-treated patients but it should be noted 
that the incidence following the second infusion was much lower. This is presum-
ably because B cell numbers are already significantly reduced by the first infusion. A 
small number of patients (< 1%) experienced a serious infusion reaction (anaphylax-
is, bronchospasm, etc). Patients were less likely to experience an infusion reaction 
if they received premedication with intravenous corticosteroids and if they received 
the lower (500 mg) dose of rituximab. The incidence of infusion reactions declined 
with subsequent courses of rituximab (as did all adverse events).

With regard to infections, serious infections (i.e. requiring intravenous antibiot-
ics or classified as serious adverse event) occurred in 7% of rituximab patients com-
pared with 3% of placebo patients. The overall rate of serious infections was 5.03 
events/100 patient years. Prolonged peripheral B cell depletion was not associated 
with an increased rate of such infections. 

In the REFLEX study, differences in ACR20 responses over placebo were signifi-
cant for both seropositive and seronegative patients [114]. Of RF-positive patients, 
20% became negative following therapy but despite this these patients displayed 
similar clinical responses following subsequent courses of therapy. Seronegative 
patients that were positive for anti-citrullinated protein antibodies had similar 
responses to seropositive patients, in contrast to patients negative for both antibod-
ies who had lower response rates [120].

B cell depletion, reconstitution and retreatment 

Conventional flow cytometry analysis suggests that there is nearly complete deple-
tion of B cells from the peripheral blood following rituximab therapy in all patients. 
This being so, there would seem to be no correlation between B cell depletion and 
clinical response. However, highly sensitive flow cytometric techniques, developed 
to assess disease response in haematological malignancies and known as minimal 
residual disease flow cytometry (MRD Flow), has given early indication that B cell 
depletion may not be as complete as initially thought [121]. In terms of B cell recon-
stitution, data from the initial Phase IIa study are extensive, with patients now being 
followed for up to 2 years. The data suggest that B cells begin to rise between 6 and 
12 months after treatment in most patients. Clinical deterioration appears to occur 
between 6 and 12 months after the initial infusion [122]. The relationship between 
the return of B cells and that of disease activity is not clearly defined. In individual 
patients, the phenomenon of B cell counts rising with concurrent disease relapse 
is well observed. However, some patients have demonstrated return of B cells in 
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peripheral blood without relapse. In an open label study, in patients in whom return 
of disease was associated with return of B cells, there was a higher proportion of 
memory B cells compared to those who underwent B cell reconstitution without 
relapse [123]. 

In the clinical trial setting, patients with relapse of disease following initial response 
were identified (on clinical grounds: numbers of swollen and tender joint counts) and 
entered into retreatment protocols. Most patients who received retreatment did so 
when their B cell levels, although rising, were lower than before their first exposure 
to rituximab. Retreatment has generally been well tolerated and effective [124, 125]. 
The median time between the first and second course of rituximab was 30.9 weeks 
for patients who had received prior anti-TNF therapy and 36.7 weeks in those who 
had not had prior anti-TNF therapy. The median time between second and third 
courses was 30.1 weeks for the former and 43.0 for the latter [126]. Patients gener-
ally received retreatment at levels of disease activity that were lower than at baseline, 
hence ACR responses (from original baseline) following the second course were bet-
ter than those seen after the first course and similar when compared with the course 
baseline. When EULAR responses are considered, more patients had good responses 
and entered low disease states or remission after the second course than the first.

With regards to the safety of repeat courses of rituximab, data are available from 
570 patients who have had a second course and 191 who have had a third [124, 
125]. For patients who had received anti-TNF previously, the median time to retreat-
ment with a second course was 30.9 weeks and between second and third courses 
was 30.1 weeks. These times for patients who had not previously received anti-TNF 
were 36.7 and 40.3 weeks, respectively [126]. The rate of infections (including those 
deemed serious) did not change significantly with repeated therapy. The incidence of 
infusion reactions fell with the second and subsequent courses of therapy. Ig levels fell 
with repeated therapy, and after the third course, 23.5% of patients had lower levels of 
IgM than normal. However, the rate of serious infections before and after detection of 
low IgM did not change significantly (5.1 vs 5.9 per 100 patient years, respectively).

A number of patients from the initial study (45% of those receiving one cycle 
of rituximab with continuing methotrexate) did not have worsening of disease that 
warranted additional therapy, and improvements in physical function were present 
at 2 years after therapy [127, 128]. In the small number of patients who had pro-
longed B cell depletion for up to 2 years after therapy, there was no increase in the 
rates of infection. The median duration of B cell depletion in patients who experi-
enced infections was similar to that in patients who did not have infections.

Ocrelizumab

Ocrelizumab is a humanised anti-CD20 antibody [129]. A dose-ranging Phase I/II 
trial has shown B cell depletion at all doses, with earlier repletion at lower doses. 
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Clinical responses were observed across the doses that were improved over placebo. 
Further dose-finding studies are being conducted [130]. 

Ofatumumab

Ofatumumab (HuMax-CD20) is a fully humanised anti-CD20 antibody being stud-
ied in follicular NHL and CLL (where it is in late stage development) and has been 
used in a dose-ranging Phase I/II trial in RA. It has been well tolerated and 63% of 
the patients receiving active drug (20/32) achieved ACR50 response compared with 
none of the placebo patients [131]. 

Agents that target the BLyS system

Belimumab

Belimumab (Lymphostat-B) is a humanised mAb to BLyS that inhibits its activ-
ity. Results from a Phase II double-blind placebo-controlled trial in RA have been 
reported in which 283 patients were randomised to belimumab or placebo. The 
primary endpoint of ACR20 was met in 29% of patients in all active treatment arms 
compared to 16% in placebo, and there was no dose response [132]. Levels of RF 
and Igs were reduced, as were total B cells, but there was an increase in memory B 
cells [133]. Plasma cell numbers were not affected.

These disappointing results may be because of overlapping signalling between 
other members of the BLyS system or the failure of belimumab to block BLyS/APRIL 
heterotrimers. Trials in SLE, however, continue and have shown some evidence of 
efficacy.

Atacicept

Atacicept (TACI-Ig) is a fusion protein consisting of the APRIL/BLyS-binding 
extracellular portion of the TACI molecule fused to the Fc portion of human IgG1, 
and binds both BLyS and APRIL as well as homo- and heterotrimers [109]. It is in 
development for the treatment of RA, SLE, and B-CLL. In animal studies it resulted 
in a reduction of mature B cells in peripheral blood and lymphoid organs, as well 
as a reduction in circulating Ig [134]. In a Phase Ib trial in human RA there was a 
reduction in RF and anti-citrullinated protein antibodies as well as serum Ig [135]. 
The drug had a good safety profile and penetrated inflamed joints, and there was a 
trend to improved disease activity.
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BR3-Fc

BR3-Fc is a fusion protein consisting of two polypeptide chains linked by disulphide 
bonds, with sequences from the extracellular domain of the human BAFF receptor, 
BR3, and the Fc domain of human IgG [136]. Binding of BAFF to soluble BR3-Fc 
protein blocks binding to cell-bound BR3, inhibiting B cell activation and resulting 
in apoptosis. BR3-Fc reduced B cells in peripheral blood and marginal zone of lym-
phoid tissue as well as follicular B cells in animal studies. Results are available from 
a Phase I study in patients with RA [137]. Peripheral blood B cells were reduced and 
there was no serious toxicity.

Conclusions

Scientific understanding of the role of B cells in RA has advanced significantly 
in recent years. Although RF has long been thought to be of key importance, the 
mechanisms by which RF-producing B cells cause directed joint disease as well as 
sustained T cell involvement through the continuing presentation of other autoan-
tibody complexes are now better understood. A vicious circle of autoimmunity 
develops in RA. B cell depletion with rituximab has been partially successful at 
breaking this circle and its clinical efficacy has also shed light on the pathological 
mechanisms in RA.

CD20 has been a serendipitous target in RA, in terms of its restricted expres-
sion, allowing B cells to be depleted without directly affecting stem cells or plasma 
cells. The action of rituximab via CD20 is generally effective for depletion, although 
further understanding of the mechanism of this action might allow enhancement of 
rituximabs effects, either on an individual basis or based on disease type. In parallel 
with this, further understanding of the pharmacokinetics of rituximab could allow 
better dosing regimens. Further study of CD20 will help in the development of other 
monoclonal therapies directed against this.

Clinical experience with rituximab has indicated that peripheral B cell depletion 
is associated with reduction of disease activity in RA. The factors that influence 
response to rituximab – both initially and in terms of duration of response – are 
unclear. It is now also recognised that in the vast majority of patients, both periph-
eral B cells and disease activity return. However, the temporal and pathological 
links between these two phenomena are incompletely understood. It may be that 
the absolute depth of B cell depletion is critical. Alternatively, a specific B cell subset 
might need to be eliminated (or be prevented from returning) to achieve durable 
clinical response. The effect of rituximab on B cells in compartments other than 
peripheral blood is still being investigated. The ultimate therapeutic effect of B cell 
depletion may lie in synovium or lymphoid tissue rather than in peripheral blood.
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As B cell depletion becomes more commonplace, attention has turned to meth-
ods of B cell modulation. Targets such as BLyS and APRIL are being more closely 
studied and some initial clinical data are available. The variable results so far may 
indicate that these therapies may act best as adjunct, possibly to depleting agents. 
However, their role needs to be investigated further, particularly as the long-term 
consequences of repeated B cell depletion remain unclear, although hypogamma-
globulinaemia is recognised.

The discovery that B cell targeting is effective in RA is of great importance, given 
the overall disease burden and the limited therapeutic options available to many 
patients. Scientific understanding of B cell pathology as well as therapeutic mecha-
nisms is greatly advancing our understanding of RA pathogenesis. Identification of 
B cell targets and development of appropriate therapy is already changing treatment 
paradigms in RA and is likely to continue do so.
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Abstract

Although T lymphocytes are widely recognized as important effector cells in the immunopatho-
genesis of rheumatoid arthritis (RA), therapies targeting T cell populations have not been clinically 
successful, largely due to the toxicity associated with nonspecific T cell depletion. An alternative 
approach involves targeting T cell activation, a process that requires two distinct signals. In addi-
tion to the cognate interaction between the T cell receptor on T cells and antigen bound to the 
major histocompatibility complex on the antigen-presenting cell (APC), a second, co-stimulatory, 
signal is required for T cell activation. Therapies targeting co-stimulatory pathways, aimed at mod-
ifying the activation of T cells, rather than reducing their absolute numbers, may be an effective 
alternative to T cell depletion in RA and other rheumatic diseases. One such treatment, abatacept 
(CTLA4Ig), a fusion protein combining cytotoxic T lymphocyte antigen 4 (CTLA4) and a portion 
of the Fc domain of human IgG1, has been approved in the United States and the European Union 
for the treatment of RA. Abatacept may modulate the T cell or the APC to produce several differ-
ent outcomes within the joint, including down-regulation of T cell activation, stimulation of T cell 
apoptosis, or possibly modulation of T regulatory cell activity. In large, controlled trials in patients 
with RA with an inadequate response to either methotrexate or TNF antagonists, abatacept effec-
tively reduced disease activity. In the methotrexate-inadequate responder population, radiographic 
progression was slowed when compared to continued treatment with methotrexate alone. The 
safety profile of this therapy is similar to that of other biological response modifiers, with infection 
being the most concerning treatment-emergent adverse event. Additional co-stimulatory pathways 
may offer attractive targets in RA and other immune-mediated diseases, although, to date, none 
has had the clinical success of abatacept and the related CTLA4Ig fusion protein, belatacept.

Introduction

T cell-targeted therapy has been attempted in rheumatoid arthritis (RA) for many 
years. These efforts have included lymphatic duct drainage, total lymphoid irradia-
tion, inhibition of T cell trafficking and T cell depletion with antibodies targeting T 
lymphocyte surface markers. While some of these therapies initially showed prom-
ising results, none turned out to be clinically effective and all have been hampered 
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by the toxicity associated with nonspecific T cell depletion. An alternate approach, 
the modulation of T cell activity by targeting co-stimulatory signaling, has recently 
been shown to be both effective and safe. This chapter describes the rationale for 
co-stimulatory therapy and reviews the data supporting its use in the treatment of 
RA.

The premise for this approach to therapy is based upon the fact that the activa-
tion of T cells requires two distinct signals. The first is cognate interaction between 
the T cell receptor and nominal antigen presented in the context of the major his-
tocompatibility complex (MHC) on the surface of an antigen-presenting cell (APC). 
The second is provided by a number of receptors on the surface of T cells, which 
interact with ligands expressed on APCs. Co-stimulation is particularly important 
in the initial T cell response, promoting T cell activation and proliferation, so that 
therapies targeting this pathway have the potential to be very effective in diseases in 
which T cell activation and signaling play a critical role. Because this co-stimulatory 
signal is not unique to the antigen that triggers the primary T cell activation, it 
becomes feasible to target co-stimulatory pathways in a disease such as RA, where 
the identity of the inciting antigen remains unknown.

CD28-CD80/86 co-stimulation

One of the most prominent T cell co-stimulatory signals is mediated through the 
interaction of the cell surface protein CD28 on T cells and its ligands on APCs 
(reviewed in [1]). CD28 is constitutively expressed on most T cells, and it binds 
to both CD80 (B7-1) and CD86 (B7-2), which are expressed on APCs, including 
dendritic cells, B cells, and macrophages (Fig. 1A). CD80 and CD86 are increased 
during dendritic cell maturation, which enhances the ability of mature dendritic cells 
to activate T cells [2]. Macrophages from the joints of patients with RA express 
increased levels of CD80 and CD86 compared to RA peripheral blood monocytes 
[3]. CD80 and CD86 are not only expressed on APCs within the RA joint, they are 
also expressed on activated T cells, suggesting a potential self-sustaining mechanism 
for T cell activation [4]. Binding of CD28 to CD80 or CD86 provides the second 
signal required for maximal T cell activation; the absence of such a signal may result 
in anergy and apoptotic cell death.

Cytotoxic T lymphocyte antigen 4 (CTLA4 or CD152) is up-regulated following 
T cell activation, and it also interacts with CD80 and CD86, providing an impor-
tant control for regulating T cell function [5, 6]. CTLA4 has a higher affinity for 
CD80 and CD86 and can displace CD28 from its interaction with these molecules, 
interrupting the activation signal [7] (Fig. 1B). Since the level of CTLA4 expression 
on activated T cells is proportional to the strength of T cell receptor signal, this 
pathway provides a mechanism to down-regulate T cell activation [8]. CTLA4 is 
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expressed on T cells from the RA joint [4], supporting the potential importance of 
this pathway in regulating T cell activation in this disease.

In addition to interfering with activation, CTLA4-CD80/86 interaction may 
also provide negative signals that lead to long-term tolerance. The binding of cell 
surface CTLA4 (or with CTLA4Ig) to CD80/86 on dendritic cells may induce the 
production of indoleamine 2,3-dioxygenase (IDO) by the dendritic cell [9]. IDO is 
an enzyme that promotes local tryptophan depletion, resulting in the inhibition of 
T cell proliferation and the induction of apoptosis [10].

CTLA4 signaling may also play a role in the development of an important class 
of T cells, CD4+CD25+ T regulatory cells. The development of T regulatory cells 
is dependent upon the transcription factor forkhead-box protein 3 (FoxP3), since 
deficiency of FoxP3 results in the lack of T regulatory cells and autoimmune disease 
[11]. Interactions between CD28 and CD80/86 are necessary for the generation of 
T regulatory cells [12]. Increased numbers of CD4+CD25+ T regulatory cells are 
present in the RA joint, and they are highly active at suppressing the activation 
of other T cells ex vivo [13]. However, in the presence of tumor necrosis factor 

Figure 1
Abatacept (CTLA4Ig) interrupts co-stimulatory signals. T cell activation requires presenta-
tion of antigen presented by MHC molecules on antigen presenting cells (APC) together 
with co-stimulation through CD28 and CD80/86 (A). Following T cell activation CTLA4 is 
up-regulated and its affinity for CD80/86 is greater than that of CD28, which interrupts co-
stimulation, suppressing T cell activation (B). CTLA4Ig is capable of interrupting signaling 
through CD28 and potentially through CTLA4 (C).
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(TNF)- , which is present in the RA joint, the local T regulatory cells demonstrate 
a diminished capacity to suppress T cell activation [3]. Together, these observations 
support the potential role of CTLA4 expressed in the RA joint in the development 
of T regulatory cells.

Other co-stimulatory pathways

Inducible co-stimulatory molecule (ICOS) and programmed death-1 (PD-1) are 
CD28 family members also expressed on T cells following activation by T cell recep-
tor ligation and CD28-CD80/86 co-stimulation [1]. The ligands for ICOS, B7-relat-
ed protein 1 (B7RP.1 or B7h), and for PD-1 (PD-L1 and PD-L2) are expressed on 
APCs [1]. Co-stimulation through CD28 and ICOS are different, since interfering 
with CD28 during the induction of the immune response suppresses inflammation, 
while interfering with ICOS during the effector phase reduces inflammation [14]. 
Both ICOS and B7RP.1 are highly expressed on RA synovial T cells, while B7RP.1 
is strongly expressed on synovial macrophages, suggesting an important role in RA 
[15]. Supporting a potential role in RA, ICOS was essential for developing collagen-
induced arthritis and blocking ICOS-B7 interactions suppressed collagen-induced 
arthritis [16, 17].

PD-1 acts as a negative regulator to T cell activation, and ligation by PD-L1 or 
PD-L2 results in decreased T cell proliferation and cytokine production [1]. PD-1 
is overexpressed on RA synovial T cells and PD-LI on synovial macrophages [18]. 
However, a soluble form of PD-1 detected in RA synovial fluid was capable of over-
riding the suppressive effect of cell surface PD-1 [18]. These observations support an 
important role for PD-1 in RA and identify it as a potential target for the develop-
ment of future therapeutic intervention.

Another co-stimulatory pathway that may be relevant to RA is the CD40-
CD154 (CD40L) pathway. CD40L is up-regulated on activated T cells, whereas 
CD40 is expressed on APCs [19]. CD40L is increased on RA synovial fluid T cells 
and CD40 is expressed on RA synovial fibroblasts, and interruption of these inter-
actions with an antibody to CD40L suppressed fibroblast activation [20]. While 
these observations suggest that this pathway may be an attractive therapeutic target 
in RA, studies described later in this chapter indicate that the use of an antibody to 
CD40L may be too toxic.

Pre-clinical development of CTLA4Ig

Two recombinant molecules (CTLA4Ig) have recently been developed that com-
bine the extracellular domain of human CTLA4 with a portion of the Fc domain 
of IgG1. One of these fusion proteins, abatacept, binds CD80 more avidly than 
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CD86. A second-generation version of this molecule, belatacept, with two amino 
acid mutations, has increased binding avidity for CD86 [21]. CTLA4Ig also inter-
rupts signaling through the interaction of CD80/86 and cell surface CTLA4, which 
may potentially affect the development or function of T regulatory cells, and inter-
rupt antigen-specific tolerance (Fig. 1C). On the other hand, inhibition of signal-
ing through CTLA4 has been shown to promote Th2 development, which may be 
beneficial in RA [4].

The alternate approach to T cell therapy, limiting activation by blocking co-stim-
ulatory signals, has proven effective in clinical trials, and the first agent in this class, 
abatacept, is now approved for clinical use in the U.S and Europe. By interrupting 
one of the more prominent and well-characterized T cell co-stimulatory pathways, 
abatacept might be expected to affect the development of T cell-mediated syno-
vitis. Early work in an animal model of inflammatory arthritis, collagen-induced 
arthritis in the BB rat, showed that pretreatment with CTLA4Ig was able to prevent 
the development of arthritis [22]. Additional animal data have shown that CD28-
deficient mice are resistant to the development of collagen-induced arthritis, further 
highlighting the important role of the CD28-CD80/86 co-stimulatory pathway in 
the development and maintenance of inflammatory synovitis [23].

CTLA4Ig pilot clinical trials in RA

The first large clinical trial to examine the efficacy of co-stimulatory blockade in 
RA was a placebo-controlled, dose-ranging study of abatacept and belatacept, a 
second-generation modification of abatacept, in patients with refractory RA [21] 
(Tab. 1). Two hundred and fourteen patients, all of whom had failed treatment with 
at least one disease-modifying anti-rheumatic drug (DMARD), were randomized 
to receive four infusions of placebo, abatacept, or belatacept over 2 months. Prior 
therapy with etanercept, the only biological available at the time of the trial, was 
allowed, although the published manuscript does not state how many had actually 
received this treatment. Three doses of each of the two compounds were tested 
(0.5, 2, or 10 mg/kg), and these were given at baseline, 2, 4, and 8 weeks. This 
dosing strategy was selected to provide a loading dose that could lead to a more 
rapid response, to be followed by less frequent maintenance dosing. Abatacept was 
given as monotherapy in this trial; all background DMARD therapy was stopped. 
Both compounds proved effective at generating the primary endpoint, an ACR20 
response, and both had a clear dose response. Abatacept appeared somewhat more 
effective at producing higher levels of response (ACR50 and ACR70), although the 
trial was not powered to show statistical differences between the two compounds. 
No further RA trials have studied belatacept, and this compound is currently being 
pursued for transplant indications, as discussed below [24]. No significant safety 
signals were seen in this trial, even at the higher dose levels.



32

Eric M. Ruderman and Richard M. Pope

Ta
bl

e 
1 

- 
A

ba
ta

ce
pt

 e
ff

ic
ac

y 
in

 b
lin

de
d,

 c
on

tr
ol

le
d 

cl
in

ic
al

 t
ri

al
s.

a

Tr
ia

l
n

Tr
ia

l 
du

ra
ti

on
St

ud
y

po
pu

la
ti

on
B

ac
kg

ro
un

d 
th

er
ap

y
A

C
R

20
 o

n 
 

ab
at

ac
ep

t
A

C
R

20
 o

n 
pl

ac
eb

o
R

em
is

si
on

 o
n 

ab
at

ac
ep

t 
(D

A
S2

8 
<

 2
.6

)

M
or

el
an

d 
et

 a
l. 

[2
1]

12
2

12
 w

ee
ks

A
ct

iv
e 

R
A

N
on

e
53

%
31

%
N

/A

K
re

m
er

 e
t 

al
. [

27
]

33
9

6 
m

on
th

s
M

et
ho

tr
ex

at
e 

in
ad

eq
ua

te
 r

es
po

nd
er

s
M

et
ho

tr
ex

at
e

60
.0

%
35

.3
%

26
.1

%

K
re

m
er

 e
t 

al
. [

25
]

33
9

12
 m

on
th

s
M

et
ho

tr
ex

at
e 

in
ad

eq
ua

te
 r

es
po

nd
er

s
M

et
ho

tr
ex

at
e

62
.6

%
36

.1
%

34
.8

%

K
re

m
er

 e
t 

al
. [

26
]

65
2

1 
ye

ar
M

et
ho

tr
ex

at
e 

in
ad

eq
ua

te
 r

es
po

nd
er

s
M

et
ho

tr
ex

at
e

73
.1

%
39

.7
%

23
.8

%

Sc
hi

ff
 e

t 
al

. 
[3

8]
43

2
6 

m
on

th
s

M
et

ho
tr

ex
at

e 
in

ad
eq

ua
te

 r
es

po
nd

er
s

M
et

ho
tr

ex
at

e
66

.7
%

(5
9.

4%
 

in
fli

xi
m

ab
)

41
.8

%
N

/A

W
ei

nb
la

tt
 

et
 a

l. 
[3

4]
12

1
6 

m
on

th
s

Et
an

er
ce

pt
 

in
ad

eq
ua

te
 r

es
po

nd
er

s
Et

an
er

ce
pt

48
%

28
%

N
/A

G
en

ov
es

e 
et

 a
l. 

[3
2]

39
1

24
 w

ee
ks

A
nt

i-
TN

F 
in

ad
eq

ua
te

 r
es

po
nd

er
s

M
et

ho
tr

ex
at

e
50

.4
%

19
.5

%
10

%

G
ia

nn
in

i e
t 

al
. [

37
]

12
2

6 
m

on
th

s
A

ct
iv

e 
JI

A
N

on
e 

sp
ec

ifi
ed

 
(7

7%
 t

ak
in

g 
m

et
ho

tr
ex

at
e)

20
%

 f
la

re
d

53
.2

%
 f

la
re

d
N

/A

a A
ll 

tr
ia

ls
 d

os
ed

 a
ba

ta
ce

pt
 a

t 
or

 a
pp

ro
xi

m
at

in
g 

10
 m

g/
kg

, 
ex

ce
pt

 W
ei

nb
la

tt
 e

t 
al

., 
w

hi
ch

 d
os

ed
 a

ba
ta

ce
pt

 a
t 

2 
m

g/
kg

. 
Sc

hi
ff

 e
t 

al
. 

ha
d 

an
 a

dd
it

io
na

l a
rm

 t
ha

t 
w

as
 t

re
at

ed
 w

it
h 

in
fl

ix
im

ab
 3

 m
g/

kg
. G

ia
nn

in
i e

t 
al

. u
se

d 
an

 e
nd

po
in

t 
of

 d
is

ea
se

 f
la

re
 o

n 
bl

in
de

d 
th

er
ap

y,
 

fo
llo

w
in

g 
an

 o
pe

n-
la

be
l r

un
-i

n 
to

 d
ef

in
e 

ab
at

ac
ep

t 
re

sp
on

de
rs

.



33

Co-stimulatory pathways in the therapy of rheumatoid arthritis

Following the dose-ranging trial, abatacept has been studied in two published 
trials in RA patients showing an inadequate response to methotrexate [25–27] 
(Tab. 1). Both trials had an initial placebo-controlled period, followed by an open 
label extension treatment period. Both used the dosing schedule established in the 
pilot study: three loading doses given 2 weeks apart, followed by dosing every 
4 weeks thereafter. The first (Phase II) study included two doses, 2 and 10 mg/kg, 
compared with placebo, with blinded treatment continued for 6 months [25, 27]. 
The second, pivotal trial compared placebo with a fixed dose that was determined 
by patient weight range, approximating 10 mg/kg (i.e., 500 mg for patients under 
60 kg, 750 mg for those 60–100 kg, and 1000 mg for those over 100 kg), with 
blinded therapy continued for a year [26]. This latter dosing strategy has become 
the commercially approved dose.

CTLA4Ig Phase II trials

In the Phase II trial, 339 patients were randomized to receive abatacept 2 or 
10 mg/kg vs placebo [27] (Tab. 1). The population studied had long-standing RA 
(approximately 9 years) and had failed multiple prior DMARDs. Unlike the pilot 
study, methotrexate was continued during the trial, along with abatacept or placebo 
infusions. The mean duration of methotrexate therapy was just under 3 years, and 
the mean dose was just over 15 mg/week. Abatacept at 10 mg/kg was clinically 
effective, with 60% achieving the primary ACR20 endpoint at 6 months, compared 
with 35% of the placebo-treated patients, a difference that was highly statistically 
significant. This dose of abatacept also achieved higher levels of response, with 37% 
and 17% achieving ACR50 and ACR70 responses, respectively, compared with 
12% and 2% of the placebo-treated patients. The lower dose of abatacept (2 mg/
kg) was not as effective; it produced statistically better responses than placebo for 
ACR50 and ACR70, but not for ACR20, the primary endpoint.

Blinded therapy in the Phase II trial with abatacept was continued for 12 months, 
and the 12-month data have been published separately [25] (Tab. 1). At 12 months, 
the 10 mg/kg dose continued to show a marked improvement in ACR20 response 
relative to the placebo group (63% vs 36%). ACR50 and ACR70 responses also 
continued to show benefit relative to placebo at this dose (42% vs 20% and 21% 
vs 8%, respectively). Remission rates also favored abatacept; 35% of the 10 mg/
kg treatment group met DAS28 criteria for remission at 12 months, compared with 
10% of the placebo group. Adverse events, including serious adverse events, were 
similar between the abatacept and placebo groups at both 6 and 12 months [25, 
27]. In particular, there was no evidence of an increased risk of infection, and no 
opportunistic infections were reported in the abatacept-treated group. There were 
three malignancies reported in the placebo group and four in the abatacept groups 
(all at 10 mg/kg); none of the latter was felt by investigators to be related to the 
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study drug. It should be noted that subjects in this trial were permitted to adjust 
their methotrexate and steroid doses, or to add additional non-biological DMARDs, 
during the second 6 months of therapy; the number who actually did so was not 
reported.

Twelve months of therapy with abatacept in the phase II trial produced signifi-
cant improvements in function and health-related quality of life (HRQOL) measure-
ments relative to placebo [26, 28]. The health assessment questionnaire (HAQ), 
which showed only modest functional impairment at baseline (mean score 1.0), was 
nevertheless significantly improved in the 10 mg/kg group relative to placebo (42% 
vs 10%). Compared with placebo, there were statistically significant improvements 
in all eight scales of the Short Form-36 (SF-36) as well as the summary scores of 
the physical component and mental component. Improvements were greater than 
one-half standard deviation, which has been described as clinically significant [29], 
and were of a magnitude similar to that seen with other effective disease modifying 
therapies in RA. The greatest effect sizes were seen for the physical function, bodily 
pain, and vitality scales. Improvement in HRQOL was only marginal for the 2 mg/
kg dose and was related to the clinical response for the 10 mg/kg dose.

Perhaps not surprisingly, biomarkers of inflammation also showed improvement 
with abatacept therapy in the Phase II study [30]. Interleukin (IL)-6, soluble IL-2 
receptor (sIL-2R), C-reactive protein (CRP), soluble E-selectin, and soluble intercel-
lular adhesion molecule-1 were all significantly reduced in the 10 mg/kg treatment 
group compared with placebo. The only one of these molecules produced by the 
activated T cells directly impacted by abatacept is sIL2-R, so the implication of this 
observation is that abatacept has downstream effects on other immunologically 
active cells. No radiographic data were collected in this trial.

CTLA4Ig Phase III

In the AIM (abetacept in methotrexate inadequate responders) trial, the largest 
placebo-controlled trial to date in methotrexate inadequate responders, 652 patients 
were randomized 2:1 to treatment with either abatacept or placebo at a fixed dose 
approximating 10 mg/kg [26] (Tab. 1). These patients also had long-standing dis-
ease (mean 8.6 years); according to the study criteria, all were taking methotrexate 
at enrollment (mean dose just under 16 mg/week), and most (70.9%) were receiving 
low-dose corticosteroids. Response at 6 months was similar to that seen in the Phase 
II trial, with 68% of the abatacept-treated patients achieving an ACR20, compared 
with 40% of the placebo-treated patients. Efficacy was also demonstrated at higher 
levels of response, with 40% of abatacept-treated patients achieving an ACR50 and 
20% achieving an ACR70, compared with 17% and 7% in the placebo group.

During the second 6 months of blinded therapy in this study, there was increasing 
benefit associated with abatacept treatment. ACR20/50/70 responses improved to 
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73%, 48%, and 29%, compared with 40%, 18%, and 6% for placebo; for ACR50 
and ACR70, the increased proportion of responders was statistically significant. 
In addition, the percentage of abatacept-treated patients achieving remission by 
DAS28 criteria increased from 15% at 6 months to 24% at 1 year. As in the Phase 
II trial, methotrexate dose adjustments and the addition of a second non-biological 
DMARD were allowed during the second 6 months of the study, although subjects 
and investigators remained blinded to treatment assignment. Additional therapy 
was begun in just 8% of the abatacept-treated patients compared with 14% of the 
placebo group, suggesting that the increasing likelihood of higher level response 
seen with longer-term therapy was not attributable to modification of medications 
other than abatacept.

Both function and HRQOL were improved by abatacept in this study [26, 31]. 
Baseline function was much more impaired than in the group studied in the Phase 
II trial, with a baseline HAQ disability index of 1.7 for both treatment groups. The 
mean improvement in HAQ score, as well as the proportion of patients with a clini-
cally meaningful improvement, was statistically greater for the abatacept group at 
both 6 and 12 months. Significant improvements were also seen in both the physical 
and mental component summaries of the SF-36 at both time points.

The AIM study was the first to demonstrate structural benefit with abatacept. 
At 1 year, radiographic progression, measured using the Genant modification of 
the Sharp scoring system, was reduced by approximately 50% in the abatacept-
treated group compared with placebo [26]. Although the radiographic data set was 
not complete (only 92% of study subjects had both baseline and at least one post-
treatment radiograph), sensitivity analysis suggested that this effect was real.

Overall, adverse events were generally similar for abatacept and placebo in this 
study. The two most commonly reported adverse events, headache and nasopharyn-
gitis, were more frequent in the abatacept group, and there were also more discon-
tinuations due to adverse events in this group (4.2% vs 1.8%). Serious infections, in 
particular pneumonia, were numerically more common with abatacept therapy. Six 
abatacept-treated patients (1.4%) were classified as having pneumonia or broncho-
pneumonia, compared with a single placebo patient (0.5%). One case of tuberculo-
sis was reported in each group, although neither was confirmed by culture.

CTLA4Ig in those with insufficient responses to TNF inhibitors

The effectiveness of abatacept has been confirmed in a second Phase III study in a 
different population. It is now well-recognized that TNF-  antagonists, while very 
effective for the signs and symptoms of RA, fail to achieve an adequate response, 
fail to maintain that response, or are poorly tolerated in a subset of patients. Abata-
cept has been evaluated in this population, where other approaches to controlling 
disease are obviously required. In the ATTAIN study, a group of 391 patients with 
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long-standing active disease (mean just under 12 years) who had had an inadequate 
response or were intolerant to a TNF antagonist received blinded treatment with 
abatacept or placebo while continuing background DMARDs other than the TNF 
antagonist [32] (Tab. 1). The same fixed dose, approximating 10 mg/kg, was used, 
along with the standard dosing schedule.

In this trial, 50% of the abatacept-treated patients achieved an ACR20, the 
primary endpoint, compared with 20% of the placebo-treated patients. Abatacept-
treated patients also did significantly better at higher levels of response, including 
ACR50 (20% vs 4%), ACR70 (4% vs 2%), and remission by DAS28 criteria 
(10% vs 1%). Patient-centered outcomes also improved in this study. Statistically 
significant improvements relative to placebo were seen in HAQ scores, fatigue, and 
both the physical and mental components of scores of the SF-36 [33]. Differences 
were generally seen within 2–3 months; in the case of fatigue, a difference could 
be seen after just 4 weeks of therapy (two doses of abatacept). These were notable 
improvements in patients who had previously had an inadequate response to TNF 
antagonists, the best previously available therapy. No additional safety signals were 
seen in the ATTAIN trial beyond those previously seen in the trials with methotrex-
ate inadequate responders [32].

A second trial also looked at abatacept treatment in patients failing a TNF 
antagonist, although it was designed to evaluate combination therapy, rather than 
a switch to abatacept, in the hopes that targeting two distinct pathways in the 
pathophysiology of RA would have a greater effect [34] (Tab. 1). In this trial, 121 
patients with persistently active disease despite receiving etanercept 25 mg twice 
weekly (the standard dose at the time the study was undertaken) were randomized 
2:1 to receive abatacept 2 mg/kg or placebo, in addition to etanercept, for 1 year. 
For the primary endpoint in this study, the proportion of ACR20 responders at 
6 months, there was no demonstrable benefit with abatacept (48% vs 30%, differ-
ence not statistically significant). ACR50 responses at 6 months also did not differ, 
although there was a statistically significant difference in ACR70 responses (11% 
vs 0%, p = 0.042). Safety, however, was compromised by combination therapy in 
this trial. The incidence of overall serious adverse events (16.5% vs 2.8%), serious 
adverse events judged related to study drug (5.9% vs 0%), and serious infections 
(3.5% vs 0%) during 1 year of blinded therapy were all greater with the combina-
tion of abatacept and etanercept.

Ultimately, 2 mg/kg, as discussed above, was found to be a sub-therapeutic 
dose of abatacept. Subjects in this combination trial were allowed to enroll into an 
open-label extension study, during which they received abatacept at 10 mg/kg. The 
pattern of increased adverse events seen in the 80 subjects who entered this 2-year 
extension was similar, with 32.5% reporting serious adverse events, 3.8% reporting 
serious adverse events judged related to therapy, and 1 patient (1.3%) developing 
a serious infection (septic arthritis). Three patients developed malignancies during 
this extension phase.
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An additional, larger trial has expanded the evaluation of the safety of abatacept 
in combination with other background therapies [35]. In this 1-year, blinded trial, 
patients with active disease despite treatment with at least one biological or non-
biological DMARD, were randomized 2:1 to receive abatacept at the fixed dose 
approximating 10 mg/kg or placebo, in addition to their existing therapy. While 
the clinical outcomes captured in this study were limited, it did confirm that the 
addition of abatacept leads to significant improvements in patient pain assessments, 
patient and physician global assessments, and HAQ scores over 1 year.

With respect to safety outcomes, the primary goal of this study, there were 
important signals seen with the addition of abatacept to background therapy. Over-
all incidence of adverse events, serious adverse events, and discontinuations due to 
adverse events did not show any differences between the groups receiving abatacept 
or placebo. Serious infections, however, were numerically more frequent in the 
abatacept-treated group (2.9% vs 1.9%). Perhaps more importantly, in the subset 
of patients receiving therapy with a background biological DMARD (primarily TNF 
antagonists), the incidence of serious adverse events (22.3% vs 12.5%) and serious 
infections (5.8% vs 1.6%) was markedly elevated in the abatacept-treated group, 
confirming the additional risk seen with combination biological therapy seen in the 
earlier study.

Overall safety of CTLA4Ig

An analysis of the integrated safety findings of five clinical trials of abatacept in RA 
evaluated 1955 patients treated with abatacept and 989 patients treated with pla-
cebo [36]. While the incidence of adverse events was generally similar between the 
two groups, study discontinuations due to adverse events and serious adverse events 
were slightly higher for the abatacept groups (5.5% vs 3.9% and 2.7% vs 1.6%). 
The overall incidence of serious infection was 3.0% with abatacept and 1.9% with 
placebo; reported malignancies were 1.2% with abatacept and 1.0% with placebo. 
The most commonly reported adverse events with abatacept were headache, upper 
respiratory infection, nausea, and nasopharyngitis.

Juvenile inflammatory arthritis

Two additional controlled trials of abatacept, both recently published, are worth 
noting. In a trial of abatacept for juvenile inflammatory arthritis, 122 of 190 sub-
jects met criteria for improvement after 4 months of open-label therapy with abata-
cept and were randomized to receive blinded therapy with abatacept or placebo for 
an additional 6 months [37] (Tab. 1). During the blinded portion of the trial, 53% 
of the placebo-treated patients flared, compared with just 20% of those treated 
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with abatacept (p = 0.0003). No patients in either group withdrew from the study 
due to an adverse event. The overall incidence of adverse events was similar during 
abatacept and placebo treatment, and there were no serious adverse events in the 
abatacept group during the double-blind period.

Direct comparison of CTLA4Ig with anti-TNF

In another trial, the first blinded comparison of two biological therapies in 431 
patients with RA, treatment with abatacept ~10 mg/kg every 4 weeks was compared 
with treatment with infliximab 3 mg/kg every 8 weeks over 1 year [38]. During the 
first 6 months, a third group received placebo infusions every 4 weeks; these sub-
jects were switched to abatacept therapy during the last 6 months of the trial. There 
was no statistical difference between abatacept and infliximab for the primary end-
point of reduction in DAS28 at 6 months; both groups showed statistically greater 
clinical improvement than placebo. At 1 year the improvement of the DAS28 in 
the abatacept-treated patients (2.88 DAS28 units) was modestly, but statistically, 
greater than the improvement in the infliximab group (2.25 DAS28 units). Safety 
outcomes in this study favored abatacept, with 18.2% of the infliximab-treated sub-
jects reporting serious adverse events over 1 year of double blind therapy, compared 
with 9.6% of the abatacept-treated subjects. Serious infections were reported in 
8.5% of infliximab treated vs 1.9% of abatacept-treated patients during this same 
time period. The two reported cases of tuberculosis both occurred in infliximab-
treated patients.

Abatacept mechanism of action in RA

One of the more interesting findings of the trials of abatacept in the methotrexate 
and TNF inadequate responders is that the drug worked so well in patients with 
many years of disease. From its purported mechanism, to affect the induction of the 
immune response, one might assume that this treatment would be most effective 
early in the disease course, before the arthritogenic T cell clones have become fully 
activated. The demonstration of abatacept’s effectiveness later in the disease course 
has a number of potential explanations. The most obvious is that T cell activation 
is an ongoing process in RA, either through the cumulative addition of new popula-
tions of activated cells or the continued stimulation of the existing cells, and that 
abatacept is able to interrupt this ongoing process. Another possibility is that the 
clinical effect of abatacept relies on mechanisms other than simply interrupting the 
CD28-CD80/86 axis, such as inducing production of IDO via its ligation to APCs, 
which in turn may promote T cell tolerance. It is also possible that CD28 promotes 
activation of APCs, which is interrupted by CTLA4Ig, or that CTLA4Ig signaling 
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through CD80/86 might promote the expression of suppressive cytokines such as 
IL-10. The generation and maintenance of T regulatory cells is mediated through 
CTLA4. The effect of abatacept on T regulatory cells in RA is unclear. However, 
treatment of patients with infliximab results in enhanced T regulatory cell function 
[39, 40], consistent with the recently described suppressive effects of TNF- [3]. 
Therefore an understanding of the role of abatacept on T regulatory cells may pro-
vide insights into its mechanism of action.

Since T cell activation in RA likely starts even before clinical symptoms are 
apparent, it is possible that abatacept given earlier in the disease process may be even 
more effective. There are no data yet to support this theory, but trials are underway 
in early disease, including one study in patients first presenting with inflammatory 
arthritis that aims to determine whether modulation of co-stimulatory signals at 
this point may modify the course of disease, potentially preventing the development 
of full-blown RA (clintrials.gov). Abatacept is also being studied in systemic lupus 
erythematosus (SLE), although preliminary data did not demonstrate efficacy [41].

Belatacept

Belatacept, the modified version of abatacept used in several arms of the original 
dose-ranging study, has not been studied further in RA. This compound is currently 
being developed as an immunomodulatory treatment in organ transplantation. 
Belatacept compared favorably with cyclosporine at preventing acute rejection after 
renal transplantation [24]. Subjects treated with belatacept in this trial had higher 
mean glomerular filtration rates and a lower incidence of chronic allograft neph-
ropathy at 12 months than those treated with cyclosporine.

Failed efforts at interfering with co-stimulatory pathways

While the CD80/86-CD28 interaction is the most well-characterized co-stimulatory 
signal involved in T cell activation, other co-stimulatory molecules may prove to be 
useful targets in the treatment of RA or other autoimmune diseases. The binding of 
CD40 to its ligand, CD40L/CD154, enhances T cell activation and stimulates B cell 
differentiation and proliferation [42]. This particular pathway may play a role in 
the maintenance of autoimmunity [43]. Two distinct antibodies against CD40L have 
been studied in human trials of SLE. One proved to be ineffective but well tolerated; 
the second demonstrated preliminary evidence of benefit in lupus nephritis but was 
associated with unacceptable thromboembolic toxicity [44, 45].

Another approach that failed was the use of a stimulatory anti-CD28 monoclo-
nal antibody. A superagonistic anti-rat CD28 monoclonal antibody was effective at 
treating adjuvant-induced arthritis [46]. However, when a humanized superagonist 
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antibody was administered to human volunteers, cytokine storm was induced result-
ing from the rapid induction of cytokines [47]. The patients developed pulmonary 
infiltrates, acute renal failure and intravascular coagulation which was life threat-
ening [47]. Therefore, not all mechanisms of interfering with the CD28-CD80/86 
pathway are safe.

Modulation of co-stimulatory pathways represents a novel approach to the 
treatment of immune-mediated diseases that seeks to normalize host immune 
responses, rather than to disrupt intercellular signaling or to reduce specific popula-
tions of immunoactive cells. Interruption of signaling at the CD80/86-CD28 axis 
has proven to be an effective therapy for RA; disruption of the CD40-CD40L axis 
has been less successful in SLE. Future approaches to this type of modulation may 
involve the targeting of additional co-stimulatory pathways, interference with the 
expression of co-stimulatory molecules, or disruption of the intracellular signaling 
pathways triggered by cell-surface molecule interaction.
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Abstract

The cloning of IL-6 cDNA in 1986 revealed that IL-6 is a multifunctional cytokine that plays 
important roles in the immunopathogenesis of rheumatoid arthritis (RA). A close relation-
ship was observed between IL-6 levels in the synovial compartment and disease activity in RA 
patients, and overproduction of IL-6 could readily explain the abnormal laboratory findings and 
clinical symptoms seen in these patients. IL-6 therefore appeared to be a worthwhile and attrac-
tive therapeutic target for RA. In practice, blockage of IL-6 signalling by a humanised anti-IL-6 
receptor antibody [tocilizumab (TCZ); also known as MRA] has been found to be very effective 
in the treatment of patients with RA. In recent Japanese Phase III clinical studies in RA patients, 
TCZ clearly prevented radiographic progression of joint destruction and greatly improved signs 
and symptoms. Very interestingly and importantly, this therapy has also proved quite effective at 
improving fever, fatigue and anaemia. No serious adverse events have been reported. At present, 
several international clinical studies of TCZ are ongoing in more than 4000 patients with active 
RA in 41 countries. The results are continuing to confirm the efficacy and safety of TCZ in the 
treatment of patients with RA.

Introduction

IL-6 was originally identified as a T cell-derived soluble factor that causes differen-
tiation of B cells into antibody-producing plasma cells [1]. When the gene coding 
for IL-6 was cloned in 1986, it became apparent that IL-6 had been studied under 
several different names in various laboratories. It has since been clarified that IL-6 
does indeed have various biological functions in addition to B cell activation, and it 
is now well known that IL-6 plays important roles in immunity, inflammation and 
haematopoiesis. More importantly, evidence has accumulated that deregulation of 
IL-6 results in the development of various autoimmune diseases. In fact, the multiple 
biological activities of IL-6 provide explanations for various clinical symptoms of 
rheumatoid arthritis (RA) [2–4].
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These findings suggest that IL-6 is a worthwhile and attractive therapeutic target 
molecule for RA. In this review, we discuss the immunopathological roles of IL-6 
in RA, and the clinical usefulness of tocilizumab (TCZ), a humanised anti-IL-6R 
antibody that blocks IL-6 signalling, in the treatment of RA.

IL-6 has various biological activities

IL-6 acts on various cell types and has a variety of biological functions, e.g. IL-6 acts 
as a hepatocyte-stimulating factor (HSF) [5, 6]. Acute inflammation is accompanied 
by changes in the plasma concentration of many proteins, such as a decrease in 
albumin and increases in many “acute-phase proteins”, including C-reactive pro-
tein (CRP), fibrinogen, serum amyloid A protein and haptoglobin. Inflammation, 
injury and cancer all induce the expression of IL-6, resulting in increased synthesis 
of acute-phase proteins in the liver [5, 6]. Moreover, in IL-6 knockout mice, it has 
been shown that IL-6 is essential for antiviral antibody response, as well as for the 
induction of acute-phase reaction [7]. We have also reported that the injection of 
recombinant human IL-6 into cynomolgus monkeys increased the serum CRP level 
and the platelet count in the peripheral blood [8].

One of the recent advances regarding IL-6 is the discovery that IL-6 plays a 
critical role in the development of chronic anaemia. It has been shown that IL-6 
induces hepcidin, which is an iron regulatory peptide produced in the liver. Hepcidin 
regulates the recycling of iron by macrophages and the absorption of iron from the 
intestine. Thus, excessive IL-6 causes hypoferraemia, which leads to “anaemia of 
chronic inflammation” (also known as “anaemia of chronic disease”).

Another important activity of IL-6 is the induction of osteoclast differentiation, 
which may contribute to joint destruction in patients with RA. IL-6 also stimulates 
the expression of vascular endothelial growth factor (VEGF), which is an essential 
factor for neo-vascularisation. Moreover, IL-6 also enhances the function of leptin, 
an anti-appetite hormone, resulting in anorexia in patients with chronic inflamma-
tory diseases. In addition, it has been reported that injection of IL-6 into cancer 
patients caused fever.

IL-6 signalling pathway: The IL-6 receptor and gp130

We succeeded in isolating the cDNA for IL-6 and IL-6 receptor in 1986 and 1988, 
respectively [9, 10]. We found that the receptor has an Ig-like domain at the N ter-
minus but no unique sequences in any other regions. It also has a very short intra-
cytoplasmic portion and no kinase domains. These features make it unlike what is 
considered an “authentic receptor”. Another protein, a 130 kDa cell-surface glyco-
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protein that we named gp130, is necessary for IL-6 signal transduction. We isolated 
a cDNA encoding gp130. It was eventually concluded that the full IL-6 receptor 
consists of two polypeptide chains of 80 and 130 kDa, and that IL-6 stimulation 
triggers association of these two chains leading to IL-6 signalling [11–14]. A recent 
crystal structure study has demonstrated that two of each molecule associate to 
form a hexamer complex [15, 16].

Importantly, gp130 is expressed ubiquitously in all tissues, even in cells that lack 
detectable expression of the 80-kDa IL-6 receptor [12]. This suggested that gp130 
is not merely a component of IL-6 receptor, and that it might function as a common 
signal transducer for various cytokines. In fact, many different cytokines do share 
the same receptor component, and this can explain the redundant activity of several 
cytokines.

We and others have reported that ciliary neurotropic factor (CNTF), leukaemia 
inhibitory factor (LIF), oncostatin M (OM), IL-11 and cardiotropin-1 (CT-1) all use 
gp130 as a component of their receptors [17–20]. This explains why these cytokines 
have very similar activities.

More importantly, soluble IL-6 receptor (sIL-6R) that lacks transmembrane and 
cytoplasmic domains is present in serum and synovial fluids. Once sIL-6R binds 
to its ligand, the complex becomes capable of associating with gp130 to transduce 
the IL-6 signal into cells. This means that the IL-6 signalling pathway functions, by 
means of gp130, even for cells that do not express IL-6R on their surface. This is 
called trans-signalling (Fig. 1A).

IL-6 and RA

It became evident that IL-6 is involved in various diseases, including chronic inflam-
mation. While trying to isolate the cDNA for IL-6, we noticed that the same activity 
was observed in cardiac myxoma cells [21, 22]. Cardiac myxoma is a benign heart 
tumour that arises from the atrium. Patients with cardiac myxoma exhibit a wide 
variety of autoimmune and inflammatory symptoms, including autoantibodies, 
fever, joint pains and anaemia. All these symptoms disappear after surgical removal 
of the tumour.

We found that cardiac myxoma cells produce a large amount of IL-6. This result 
suggested that IL-6 might contribute to the pathology of autoimmune diseases and 
play an important role, not only in B cell immunology, but also in a variety of dis-
ease symptoms.

We also found an abnormal overproduction of IL-6 in patients with Castleman’s 
disease [23]. Affected lymph node cells overproduce IL-6, which explains symptoms 
such as high fever, anaemia, fatigue, anorexia, acute-phase reactions, hypergam-
maglobulinaemia, secondary amyloidosis and massive plasma cell infiltration into 
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affected lymph nodes. In 1988, we reported constitutive overproduction of IL-6 by 
synovial tissues in RA patients [24]. This readily explains almost all the symptoms 
seen in RA patients. Consistent with this notion, there is a highly significant cor-
relation between IL-6 levels in the RA synovium and scores for local disease activity 
[25]. Based on the above findings in patients with cardiac myxoma, RA and Castle-
man’s disease, we concluded that the blockade of IL-6 and its receptor interactions 
was a promising new therapeutic approach for the treatment of these diseases.

Figure 1
IL-6 signalling pathway and blockade of the signalling by tocilizumab (modified from: Bio-
technology J. Yodosha (2006) 7–8: 517–520).
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From laboratory to clinic: IL-6R as a therapeutic target for RA

Research and development of a recombinant humanised anti-IL-6R antibody

On the basis of the above experimental and clinical results, we set out to develop 
an anti-IL-6 receptor blockade therapy (Fig. 1B). In collaboration with the MRC 
Collaborative Centre in London, mouse monoclonal antibody-binding human IL-6 
receptor was humanised by means of complementarity-determining region (CDR) 
grafting technology [26].

Clinical response in patients with Castleman’s disease

The humanised antibody was administered to seven patients with multicentric 
Castleman’s disease, with the approval of the institute’s ethical committee and 
the patients’ consent [27]. Immediately after the antibody was administered, fever 
and fatigue disappeared, while anaemia and serum levels of CRP, fibrinogen and 
albumin started to improve. After 3 months of treatment, hypergammaglobulinae-
mia and lymphadenopathy were remarkably alleviated, as were the renal function 
abnormalities in the patients with amyloidosis. The pathophysiological significance 
of IL-6 in Castleman’s disease was thus confirmed, and blockade of IL-6 signalling 
by the anti-IL-6 receptor antibody was shown to be a potential new therapy for IL-
6-related diseases. A Phase II clinical trial in 28 patients with Castleman’s disease 
was conducted in 2002. The antibody showed significant effects in all patients [28], 
so it was launched as a therapeutic drug for Castleman’s disease (an orphan disease) 
in 2005.

IL-6 is a critical cytokine in experimental arthritis in animal models

To investigate the direct role of IL-6 in the development of RA, IL-6-deficient mice 
were backcrossed into C57BL/6 mice for eight generations, and the histological 
manifestations following the induction of antigen-induced arthritis in IL-6-deficient 
mice and wild-type littermates were compared [29]. Wild-type mice developed severe 
arthritis, whereas IL-6-deficient mice displayed little or no arthritis. The expression 
of TNF mRNA in synovial tissues in IL-6-deficient mice was comparable to that 
in wild-type mice, even though no arthritis was observed in the former. Recently, 
S. Sakaguchi and colleagues reported that deleting the IL-6 gene in the SKG mice 
(which develop RA owing to a mutation on the T cell signalling pathway) gave 
complete protection from development of RA, whereas 20% of TNF- -deficient 
SKG mice developed the disease [30, 31]. All of these basic studies encouraged us 
to apply anti-IL-6 receptor therapy to patients with RA.
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Efficacy and safety of TCZ in the treatment of RA

Following the success of the experimental treatment of Castleman’s patients, TCZ 
was applied to the treatment of RA. The first step was to conduct Phase I/II trials 
of tocilizumab in Japan [32] and the UK [33]. The pharmacokinetics of TCZ were 
also investigated, especially in the Japanese Phase I/II trial.

The Japanese trial was an open-label, multi-dose study in 15 RA patients. TCZ 
(2, 4 or 8 mg/kg body weight) was administered to patients with active RA every 
2 weeks for 6 weeks. Serum CRP and serum amyloid A (SAA) levels were com-
pletely normalised as long as TCZ was detectable in the serum, indicating that IL-6 
is essential for the production of CRP and SAA in vivo. As a result, the levels of 
these acute-phase proteins could be used as surrogate markers to indicate whether 
the TCZ concentration was adequate to block IL-6 activity.

The UK trial was a single-dose, randomised, double-blind, placebo-controlled 
dose-escalation trial in 45 patients with active RA. These patients received a single 
intravenous dose of 0.1, 1, 5 or 10 mg/kg TCZ or placebo.

In both trials, TCZ was well tolerated and no serious adverse events were 
observed. That encouraged us to move into Phase II trials of TCZ in RA patients.

Phase II trials of TCZ in patients with RA

The safety and efficacy of TCZ treatment were evaluated in multi-centre, double-
blind, randomised, placebo-controlled Phase II trials in RA patients in Japan [34] 
and Europe [35] that were completed in 2001 and 2002, respectively. In Japan, 
164 patients with refractory RA received 4 or 8 mg/kg TCZ, or placebo, i.v. every 
4 weeks for a total of 12 weeks, and the clinical response was evaluated using the 
American College of Rheumatology (ACR) criteria. As reported by Nishimoto et al. 
[34], TCZ treatment significantly improved all measures of disease activity in the 
ACR core set, and the results were comparable to or better than those obtained with 
anti-TNF antibody or soluble TNF receptor therapy. The incidence of at least 20% 
improvement in disease activity according to the ACR criteria (ACR20) was 78% 
in the higher dose group. This was higher than in the lower-dose group (57%), and 
significantly higher than in the control group (11%) (p < 0.001). The incidences of 
50% and 70% improvements in disease activity (ACR50 and ACR70) were 40% 
and 16%, respectively, in the higher dose group, and both of these incidences were 
significantly higher than in the placebo group. Efficacy was also evaluated using the 
Disease Activity Score 28-joint count (DAS28) categories; the incidence of good or 
moderate response was 91% in the 8 mg/kg group, 72% (p = 0.012) in the 4 mg/kg 
group and 19% (p < 0.001) in the placebo group. TCZ treatment also improved lab-
oratory findings such as haemoglobin levels, platelet counts, and the serum levels of 
CRP, fibrinogen, SAA, albumin and rheumatoid factors. In addition, TCZ treatment 
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significantly improved bone metabolism, suggesting that IL-6 blockade may prevent 
the osteoporosis seen in RA patients. In long-term trials (more than 15 months), 
ACR20, 50 and 70 reached 88%, 67% and 42%, respectively. During long-term 
administration, the serum IL-6 level gradually decreased, becoming undetectable in 
some patients. This suggests that anti-IL-6 receptor therapy may go beyond simple 
anti-inflammatory therapy to affect fundamental aspects of the immune system.

In relation to safety, the overall incidences of adverse events were 56%, 59% and 
51% in the placebo, 4 and 8 mg/kg groups, respectively, so there was no dose depen-
dency in adverse events. One patient died because of reactivation of chronic active 
Epstein-Barr virus (EBV) infection and consequent haemophagocytosis syndrome 
after receiving a single dose of 8 mg/kg TCZ. Retrospectively, it was found that she 
had Hodgkin’s disease with increased EBV DNA in plasma before enrolment in the 
study, but had not been excluded [36].

Among laboratory findings, an increase in total cholesterol level was reported 
frequently (44% of patients) in the TCZ groups. However, mean total cholesterol 
levels did not continue to increase with repeated dosing, and stabilised close to the 
upper limit of the normal range. High-density lipoprotein (HDL) cholesterol levels 
also increased, so the atherogenic index [(total cholesterol – HDL cholesterol)/HDL 
cholesterol] did not change throughout the study period. No cardiovascular compli-
cations associated with increased total cholesterol were observed.

Mild to moderate increases in liver function test values were also observed in 
14 (12.8%) of 109 patients in the TCZ groups. The above data indicate that TCZ 
treatment is generally well tolerated and shows clinical benefits.

In a Phase II study conducted in Europe (the CHARISMA study) [35], 359 
patients with active RA and an inadequate response to methotrexate (MTX) therapy 
( 10 mg/week MTX for at least 6 months) were administered TCZ or TCZ placebo 
together with 10–25 mg/week of MTX or MTX placebo every 4 weeks for a total 
of 12 weeks.

The patients were randomised to receive 2, 4 or 8 mg/kg TCZ, either as mono-
therapy or in combination with MTX, or MTX monotherapy. As evaluated by 
change in DAS28 from baseline, 8 mg/kg TCZ monotherapy and 8 mg/kg TCZ 
plus MTX both yielded significantly higher responses than MTX alone. However, 
there was no significant difference between 8 mg/kg TCZ monotherapy and 8 mg/
kg TCZ plus methotrexate.

Phase III trials of TCZ in patients with RA

Large-scale Phase III trials have been completed in Japan and other countries, includ-
ing Europe and the United States, and the results have recently been published.

In Japan, a Phase III, randomised, controlled trial was performed to investigate 
the efficacy and safely of TCZ treatment in 306 patients with active RA [37]. 
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Patients with disease duration of less than 5 years were randomised to receive either 
TCZ monotherapy (8 mg/kg i.v. once every 4 weeks) or conventional disease modi-
fying anti-rheumatic drugs (DMARDs) for 52 weeks.

As measured by change in Total Sharp Score, patients in the TCZ group showed 
a significant delay in the radiographic progression of joint destruction compared 
with those receiving conventional DMARDs (mean values: 2.3 vs 6.1) (p < 0.01).

Compared with the placebo group, TCZ also significantly decreased erosion and 
joint space narrowing (p < 0.001 and p < 0.018, respectively). In relation to signs and 
symptoms, ACR20, 50, and 70 response was achieved by 89%, 70% and 47%, 
respectively, of patients in the TCZ group, which was significantly better than the 
35%, 14% and 6% who achieved these responses in the conventional DMARD 
group (p < 0.001) (Fig. 2).

The overall incidences of adverse events were 89% and 82% in the TCZ and 
control groups, respectively. This trial showed that TCZ monotherapy is more 
efficacious than conventional DMARDs at delaying and stopping radiographic pro-
gression of joint destruction, and at improving signs and symptoms [37].

Figure 2
Results of the Japanese Phase III trial in RA patients: Improvements in signs and symptoms 
[37]. Patients received tocilizumab at a dose of 8 mg/kg or placebo every 4 weeks. ACR 
response rate was compared at 52 weeks. Statistical difference was analysed by paired 
t-test.
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The results of the first two of five multi-national Phase III studies have provided 
further evidence that IL-6 receptor inhibition is likely to play a significant role in 
the treatment of RA. In the first multi-national Phase III study (the OPTION study, 
a double-blind, randomised, controlled study), 623 patients with moderate to severe 
active RA, refractory to MTX, were allocated to receive 8 or 4 mg/kg TCZ, or 
placebo, i.v. every 4 weeks. All three groups also received MTX. The results show 
that the proportion of patients that achieved ACR20 response at 24 weeks was 
significantly higher in the 8 and 4 mg/kg TCZ groups than in the placebo group 
(p < 0.0001). Reduction in disease activity score (DAS-28) was observed in both 
TCZ groups. The proportion of patients who achieved a good or moderate EULAR 
response at 24 weeks was also significantly higher in the TCZ groups than in the 
placebo group (p < 0.0001). These data demonstrate that TCZ is highly effective and 
has a good safety and tolerability profile [38].

The second multi-national Phase III study [the TOWARD (tocilizumab in com-
bination with traditional DMARD therapy) study] was conducted in 1216 patients 
with moderate to severe active RA and inadequate response to DMARDs. The study 
was conducted at 130 study sites in 18 countries, including the United States. In 
this two-arm, randomised, double-blind study, patients received either 8 mg/kg TCZ 
or placebo i.v. every 4 weeks in combination with stable anti-rheumatic therapy, 
including traditional DMARDs but excluding biologicals. Compared to patients 
treated with traditional DMARDs alone, a greater proportion of patients treated 
with TCZ plus traditional DMARDs achieved significant improvement in disease 
signs and symptoms at 24 weeks. This study also explored the pharmacokinetics 
and pharmacodynamic parameters of TCZ, as well as immune response to TCZ, in 
this patient population. Patient symptoms were measured using the standard ACR 
score assessment method. The TOWARD trial data further document the efficacy 
and safety of TCZ and the value of its IL-6 receptor inhibiting activity (Press release 
by Roche). The results were presented at ACR meetings in 2007.

The above clinical studies have clearly indicated the benefits of using TCZ to 
block IL-6 signalling in the treatment of patients with RA.

Possible mechanisms of action of TCZ

The fact that the effects of TCZ therapy in RA patients have been so dramatic sug-
gests that the overproduction of IL-6 is deeply involved in the pathogenesis and 
progression of RA. As mentioned above, excessive production of IL-6 can readily 
explain almost all of the symptoms seen in RA patients.

For example, blockade of IL-6 signalling by TCZ causes dramatic improvement 
of anaemia, which is highly beneficial for maintaining and improving the quality 
of life of RA patients. This effect could be the result of the inhibition of the pro-
duction of hepcidin (an iron regulatory peptide secreted by the liver cells) [39–42] 
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or the recovery of signal transduction via the erythropoietin (EPO) receptor. The 
EPO receptor and IL-6R share the Janus kinase-signal transducer and activator of 
transcription (JAK-STAT) signalling pathway [43]. Since excessive IL-6 signalling 
induces expression of suppressors of cytokine signalling (SOCS), which are intra-
cellular negative feedback factors that inhibit the JAK-STAT pathway, TCZ may 
down-regulate these factors, resulting in increased EPO signalling over time.

Another mechanism of the activity of TCZ may be that blockade of IL-6 signal-
ling causes a decrease in serum VEGF, which inhibits angiogenesis in the synovial 
tissues, which inhibits hyperplasia of the synovium [44].

Yet another possible mechanism is that interference with activation/differen-
tiation of osteoclasts may contribute to the prevention of joint destruction [45]. 
Finally, one of the most notable recent advances is related to the discovery that a 
newly identified type of T helper cell, the Th17 cell (which produces IL-17), may be 
deeply involved in the pathogenesis of autoimmune diseases, including RA [46–48]. 
Very excitingly, IL-6, together with TGF- , is involved in the differentiation of this 
particularly pathogenic T cell lineage, and it has already been found that blockade 
of IL-6 signalling results in suppression of the development of Th17 cells in mice 
[49]. Thus, it seems that TCZ is far more than just an anti-inflammatory agent, and 
it inhibits the pathogenesis of RA by its effects on the underlying aetiology of the 
disease.

Further comparisons of the immune system and gene expression before and after 
TCZ treatment in RA patients may provide important insights into the pathogenesis 
of RA. If so, the transition “from laboratory to clinic” will lead to a further transi-
tion “from clinic to basic studies”.

References

1 Kishimoto T (1989) The biology of interleukin-6. Blood 74: 1–10
2  Kishimoto T (2005) Interleukin-6: From basic science to medicine-40 years in immunol-

ogy. Annu Rev Immunol 23: 1–21
3  Gershwin ME, Ohsugi Y (eds) (2005) The immunobiology of IL-6. Clin Rev Allergy 

Immunol 28: 177–269
4  Nishimoto N, Kishimoto T (2006) Interleukin 6: from bench to bedside. Nat Clin Pract 

Rheumatol 2: 619–626
5  Gauldie J, Richards C, Harnish D et al (1987) Interferon /B-cell stimulatory factor 

type 2 shares identity with monocyte-derived hepatocyte-stimulating factor and regu-
lates the major acute phase protein response in liver cells. Proc Natl Acad Sci USA 84: 
7251–55

6  Andus T, Geiger T, Hirano T et al (1987) Recombinant human B cell stimulatory factor 
2 (BSF-2/IFN- 2) regulates -fibrinogen and albumin mRNA levels in Fao-9 cells. FEBS 
Lett 221: 18–22



55

Immunobiology of IL-6 – Tocilizumab (humanised anti-IL-6 receptor antibody) for the treatment of RA

7  Kopf M, Baumann H, Freer G et al (1994) Impaired immune and acute-phase responses 
in interleukin-6-deficient mice. Nature 368: 339–4

8  Imazeki I, Saito H, Hasegawa M et al (1998) IL-6 functions in cynomolgus monkeys 
blocked by a humanized antibody to human IL-6 receptor. Int J Immunopharmacol 20: 
345–357

9  Hirano T, Yasukawa K, Harada H et al (1986) Complementary DNA for a novel human 
interleukin (BSF-2) that induces B lymphocytes to produce immunoglobulin. Nature 
324: 73–76

10  Yamasaki K, Taga T, Hirata Y et al (1988) Cloning and expression of the human inter-
leukin-6 (BSF-2/IFN beta 2) receptor. Science 241: 825–828

11  Taga T, Hibi M, Hirata Y et al (1989) Interleukin-6 triggers the association of its recep-
tor with a possible signal transducer, gp130. Cell 58: 573–581

12  Hibi M, Murakami M, Saito M et al (1990) Molecular cloning and expression of an 
IL-6 signal transducer, gp130. Cell 63: 1149–57

13  Murakami M, Narazaki M, Hibi M et al (1991) Critical cytoplasmic region of the inter-
leukin 6 signal transducer gp130 is conserved in the cytokine receptor family. Proc Natl 
Acad Sci USA 88: 11349–53

14  Murakami M, Hibi M, Nakagawa N et al (1993) IL-6-induced homodimerization of 
gp130 and associated activation of a tyrosine kinase. Science 260: 1808–10

15  Varghese JN, Moritz RL, Lou MZ et al (2002) Structure of the extracellular domains of 
the human interleukin-6 receptor -chain. Proc Natl Acad Sci USA 99: 15959–64

16  Skiniotis G, Boulanger MJ, Garcia KC, Walz T (2005) Signaling conformations of the 
tall cytokine receptor gp130 when in complex with IL-6 and IL-6 receptor. Nat Struct 
Mol Biol 12: 545–51

17  Ip NY, Nye SH, Boulton TG et al (1992) CNTF and LIF act on neuronal cells via shared 
signalling pathways that involve the IL-6 signal transducing receptor component gp130. 
Cell 69: 1121–32

18  Gearing DP, Comeau MR, Friend DJ et al (1992) The IL-6 signal transducer, gp130: 
An oncostatin M receptor and affinity converter for the LIF receptor. Science 255: 
1434–37

19  Liu J, Modrell B, Aruffo A et al (1992) Interleukin-6 signal transducer gp130 mediates 
oncostatin M signaling. J Biol Chem 267: 16763–66

20  Yin T, Taga T, Tsang ML et al (1993) Involvement of IL-6 signal transducer gp130 in 
IL-11–mediated signal transduction. J Immunol 151: 2555–61

21  Hirano T, Taga T, Nakano N et al (1985) Purification to homogeneity and characteriza-
tion of human B-cell differentiation factor (BCDF or BSFp-2). Proc Natl Acad Sci USA 
82: 5490–94

22  Jourdan M, Bataille R, Seguin J et al (1990) Constitutive production of interleukin-6 
and immunologic features in cardiac myxomas. Arthritis Rheum 33: 398–402

23  Yoshizaki K, Matsuda T, Nishimoto N et al (1989) Pathogenic significance of interleu-
kin-6 (IL-6/BSF-2) in Castleman’s disease. Blood 74: 1360–67



56

Yoshiyuki Ohsugi and Tadamitsu Kishimoto

24  Hirano T, Matsuda T, Turner M et al (1988) Excessive production of interleukin 6/B cell 
stimulatory factor-2 in rheumatoid arthritis. Eur J Immunol 18: 1797–801

25  Tak PP, Smeets TJ, Daha MR et al (1997) Analysis of the synovial cell infiltrate in early 
rheumatoid synovial tissue in relation to local disease activity. Arthritis Rheum 40: 
217–25

26  Sato K, Tsuchiya M, Saldanha J et al (1993) Reshaping a human antibody to inhibit the 
interleukin-6-dependent tumor cell growth. Cancer Res 53: 851–6

27  Nishimoto N, Sasai M, Shima Y et al (2000) Improvement in Castleman’s disease by 
humanized anti-interleukin-6 receptor antibody therapy. Blood 95: 56–61

28  Nishimoto N, Kanakura Y, Aozasa K et al (2005) Humanized anti-interleukin-6 recep-
tor antibody treatment of multicentric Castleman’s disease. Blood 106: 2627–32

29  Ohshima S, Saeki Y, Mima T et al (1998) Interleukin 6 plays a key role in the develop-
ment of antigen-induced arthritis. Proc Natl Acad Sci USA 95: 8222–26

30  Sakaguchi N, Takahashi T, Hata H et al (2003) Altered thymic T-cell selection due 
to a mutation of the ZAP-70 gene causes autoimmune arthritis in mice. Nature 426: 
454–60

31  Hata T, Sakaguchi N, Yoshitomi H et al (2004) Distinct contribution of IL-6, TNF- , 
IL-1, and IL-10 to T cell-mediated spontaneous autoimmune arthritis in mice. J Clin 
Invest 114: 582–88

32  Nishimoto N, Yoshizaki K, Maeda K et al (2003) Toxicity, pharmacokinetics, and 
dose finding study of repetitive treatment with humanized anti-interleukin 6 receptor 
antibody, MRA, in rheumatoid arthritis – Phase I/II clinical study. J Rheumatol 30: 
1426–35

33  Choy EH, Isenberg DA, Garrood T et al (2002) Therapeutic benefit after blocking inter-
leukin-6 activity in rheumatoid arthritis with an anti-interleukin-6 receptor monoclonal 
antibody. Arthritis Rheum 46: 3143–50

34  Nishimoto N, Yoshizaki K, Miyasaka N et al (2004) Treatment of rheumatoid arthri-
tis with humanized anti-interleukin-6 receptor antibody: a multicenter, double-blind, 
placebo-controlled trial. Arthritis Rheum 50: 1761–69

35  Maini RN, Taylor PC, Szechinski J et al (2006) Double-blind randomized controlled 
clinical trial of the interleukin-6 receptor antagonist, tocilizumab, in European patients 
with rheumatoid arthritis who had an incomplete response to methotrexate. Arthritis 
Rheum 54: 2817–29

36  Ogawa J, Harigai M, Akashi T et al (2006) Exacerbation of chronic active Epstein-Barr 
virus infection in a patient with rheumatoid arthritis receiving humanised anti-interleu-
kin-6 receptor monoclonal antibody. Ann Rheum Dis 65: 1667–9

37  Nishimoto N, Hashimoto J, Miyasaka N et al (2007) Study of active controlled mono-
therapy used for rheumatoid arthritis, an IL-6 inhibitor (SAMURAI): Evidence of clini-
cal and radiographic benefit from an X-ray reader-blinded randomized, controlled trial 
of tocilizumab. Ann Rheum Dis 66: 1162–7

38  Smolen JS, Beaulieu A, Rubbert-Roth A et al (2008) Effect of interleukin-6 inhibition 



57

Immunobiology of IL-6 – Tocilizumab (humanised anti-IL-6 receptor antibody) for the treatment of RA

with tocilizumab in patients with rheumatoid arthritis (OPTION study) A double-blind, 
placebo-controlled, randamized trial. Lancet 371: 987–97

39  Nemeth E, Valore EV, Territo M et al (2003) Hepcidin, a putative mediator of anemia 
of inflammation, is a type II acute-phase protein. Blood 101: 2461–3

40  Nemeth E, Rivera S, Gabayan V et al (2004) IL-6 mediates hypoferremia of inflamma-
tion by inducing the synthesis of the iron regulatory hormone hepcidin. J Clin Invest 
113: 1271–6

41  Lee P, Peng H, Galbart T et al (2005) Regulation of hepcidin transcription by interleu-
kin-1 and interleukin-6. Proc Natl Acad Sci USA 102: 1906–10

42  Nemeth E, Ganz T (2006) Regulation of iron metabolism by hepcidin. Annu Rev Nutr 
26: 323–42

43  Sasaki A, Yasukawa H, Shouda T et al (2000) CIS/SOCS-3 suppresses erythropoietin 
(EPO) signaling by binding the EPO receptor and JAK2. J Biol Chem 275: 29338–47

44  Nakahara H, Song J, Sugimoto M et al (2003) Anti-interleukin-6 receptor antibody 
therapy reduces vascular endothelial growth factor production in rheumatoid arthritis. 
Arthritis Rheum 48: 1521–9

45  Tamura T, Udagawa N, Takahashi N et al (1993) Soluble interleukin-6 receptor triggers 
osteoclast formation by interleukin-6. Proc Natl Acad Sci USA 90: 11924–8 

46  Mangan PR, Harrington LE, O’Quinn DB et al (2006) Transforming growth factor-_ 
induces development of the TH17 lineage. Nature 441: 231–234

47  Bettelli E, Carrier Y, Gao W et al (2006) Reciprocal developmental pathways for the 
generation of pathogenic effector TH17 and regulatory T cells. Nature 441: 235–238

48  Veldhoen M, Hocking RJ, Atkins CJ et al (2006) TGFbeta in the context of an inflam-
matory cytokine milieu supports de novo differentiation of IL-17-producing T cells. 
Immunity 24: 179–189

49  Kimura A, Naka T, Kishimoto T et al (2007) IL-6-dependent and independent pathways 
in the development of interleukin 17-producing T helper cells. Proc Natl Acad Sci USA 
104: 12099–104



59
New Therapeutic Targets in Rheumatoid Arthritis, edited by Paul-Peter Tak
© 2009 Birkhäuser Verlag Basel/Switzerland

Role of IL-1 in erosive arthritis, lessons from animal models

Wim B. van den Berg, Leo A.B. Joosten and Fons A. J. van de Loo 

Rheumatology Research & Advanced Therapeutics, Department of Rheumatology, 
Radboud University Nijmegen Medical Centre, Geert Grooteplein 28, 6525 GA, Nijmegen, 
The Netherlands

Abstract

Tumor necrosis factor (TNF), interleukin-1 (IL-1) and IL-6 are considered master cytokines in 
chronic destructive arthritis. IL-1 drives chronic erosive arthritis and its blockade has been shown 
to ameliorate joint destruction in many animal models of arthritis. This ranges from a dominant 
role of IL-1 in immune complex arthritis, to a key role in development of T cell-dependent arthritis 
and TNF transgenic arthritis. This makes IL-1 an attractive therapeutic target, in addition to TNF 
and IL-6. However, IL-1 dependency can be lost under conditions of T cell IL-17 abundance as 
well as the presence of Toll-like receptor ligands. The latter may underlie the variable responsive-
ness of rheumatoid arthritis patients to anti-cytokine therapy and warrants combination therapy 
for optimal control. 

Introduction

Studies in well-defined animal models of arthritis make it clear that tumor necro-
sis factor (TNF) is involved in early joint swelling and cell influx. However, TNF 
alone is poorly arthritogenic and hardly destructive, and exerts its full arthritogenic 
potential through induction of IL-1. Intriguingly, TNF-independent IL-1 production 
is found in many model situations, including pathways driven by macrophages, T 
cells and immune complexes. Its relevance is underlined by the great efficacy of anti-
IL-1 therapy and a profound lack of erosive arthritis in IL-1 -deficient mice. IL-1 
is a prominent inducer of RANKL and RANKL-mediated activation of osteoclasts. 
TNF, in synergy with T cell-derived IL-17 also up-regulates RANKL and induces 
bone erosion. Cartilage destruction is heavily dependent on IL-1. IL-1 is a strong 
activator of chondrocytes, induces cartilage breakdown through up-regulation of 
metalloproteinases and causes profound suppression of cartilage matrix synthesis. 
This catabolic activity, combined with impaired anabolic activity, results in marked 
cartilage loss. Collagen damage and therefore irreversible cartilage erosion is greatly 
amplified by the presence of immune complexes in the joint, through Fc  receptor-
mediated activation of IL-1-induced latent metalloproteinases [1]. Cartilage destruc-



60

Wim B. van den Berg, Leo A. B. Joosten and Fons A. J. van de Loo 

tion induced by IL-1 can itself further amplify and perpetuate joint inflammation 
in two ways. Breakdown fragments such as biglycan provide endogenous activators 
for Toll-like receptors (TLRs), in particular TLR4, on synovial macrophages and 
fibroblasts, leading to inflammatory mediator production [2]. In addition, these 
fragments may form autoimmune stimuli and may sustain arthritis when tolerance 
is lost. IL-1, together with IL-6, is probably a major driver of Th17 generation 
against autologous antigens. Some elements of the pathways discussed are depicted 
in Figure 1. 

Figure 1
The vicious circle in chronic joint inflammation. Schematic presentation of pathways of syno-
vitis and concomitant cartilage and bone destruction. Note the amplifying elements through 
endogenous TLR ligands, T cell activation and generation of autoantibodies. The latter will 
trigger macrophages after immune-complex (IC) formation, through Fc  receptors. IL-1 plays 
an important role in enhancing T cell activation through induction of CD40L and OX40. 
Thus, excess IL-1 signaling may activate these pathways, leading to the development of T 
cell-mediated autoimmune diseases. TLR, Toll-like receptor; Ch, chondrocyte.
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IL-1 synthesis, activation and signaling pathway

The IL-1 family consists of ten members, including IL-1 , IL-1 , IL-1 receptor 
antagonist (IL-1Ra) and IL-18 [3–5]. IL-1  and IL-1  are produced from two 
different genes located on chromosome 2 and synthesized as 31-kDa precursors. 
Pro-IL-1  is a cell-bound cytokine and is activated by proteases called calpains. 
There is growing evidence that IL-1  is involved in intracellular signaling [6]. The 
production of IL-1  is via non-classical pathways of protein secretion. TLR agonists 
such as endotoxins initiate the synthesis of the inactive IL-1  precursor. The IL-1  
precursor co-localizes with procaspase-1 followed by the conversion of the inactive 
procaspase-1 to active caspase-1 by a complex of proteins termed the “IL-1  inflam-
masome” (Fig. 2) [6, 7]. In resting cells procaspase-1 is bound to a large inhibitor 
molecule, which prevents its activation. During initiation of IL-1  synthesis, there 
is activation of caspase-1, which then processes the IL-1  precursor into a mature 
form ready for secretion. Autocatalytic activation of pro-caspase-1 occurs via efflux 
of potassium ions as a result of triggering the P2X7 receptor by ATP [6]. Recently, 
it was found that a small peptide LL37 released from activated neutrophils and 
epithelial cells can stimulate the secretion of mature IL-1  via the P2X7 receptor 
[8]. There is evidence that under inflammatory conditions IL-1  processing can be 
caspase-1 independent, hampering caspase inhibition as a therapeutic control. Using 
caspase-1 gene-deficient mice it was demonstrated that IL-1  was still produced in 
both acute and chronic joint inflammation. Several proteases, such as proteinase 3 
and granzyme A, have been suggested to be involved in the caspase-1-independent 
cleavage of pro-IL-1  [9].

IL-1 binds to the IL-1R complex that consists of IL-1 receptor type I (IL-1R) 
and IL-1 receptor accessory protein (IL-1RacP). IL-1Ra is the natural inhibitor that 
is able to block IL-1R interaction. After binding of IL-1 to the IL-1R, IL-1RacP is 
recruited and a functional high-affinity complex is formed. Signaling occurs via 
MyD88 adaptor protein that binds to the TIR domain in the intracellular part of 
the receptor complex. The presence of the death domain in MyD88 allows recruit-
ment of the IL-1 receptor-activated kinases (IRAK1-4). Thereafter, another adaptor 
protein is bound (TRAF-6), which leads to activation of several protein kinases [10], 
including JNK, ERKs and IKK (Fig. 3). Finally, this results in activation of transcrip-
tion factors (NF- B and AP-1) involved in regulation of inflammation-related gene 
expression, such as cytokines and chemokines. 

IL-1 inhibition

Inhibition of IL-1 signaling can be achieved at various levels. Pivotal downstream 
elements are obvious therapeutic targets, but the specificity may be limited. Apart 
from the signaling IL-1R type I, a nonsignaling decoy receptor (IL-1R type II) was 
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identified, which has a natural regulatory function by binding IL-1 and consuming 
IL-1RacP. Soluble forms have been found of both the type II receptor and the IL-
1RacP. An engineered form of the latter has been shown to be effective in collagen-
induced arthritis (CIA), when applied with gene therapy [11].

The most studied and therapeutically applied inhibitor in rheumatoid arthritis 
(RA) patients is the natural receptor antagonist IL-1Ra. To fully prevent IL-1 signal-
ing, excessive levels (> 1000-fold) of IL-1Ra are needed, which impairs therapeutic 
potential. Stabilized forms with better pharmacokinetics have been prepared and 
have shown efficacy in reduction of erosion in RA [12]. However, whether sufficient 
IL-1 blocking was reached is still a matter of debate. Neutralizing antibodies to IL-1 

Figure 2
IL-1  synthesis, processing and secretion. (A) Gene expression and protein synthesis of 
IL-1  precursor is induced by TLR ligands such as endotoxin. The precursor remains in the 
cytosol of the cells together with inactive pro-caspase-1 that is bound to the IL-1  inflam-
masome complex. The inflammasome complex contains products of the NALP-3 gene and 
is in an inactive state due to binding to a putative inhibitor. (B) TLR signaling activates the 
inflammasome by uncoupling of the inhibitor and the NAPL-3 gene products from the pro-
caspase-1. 
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Figure 3
Intracellular IL-1 pathway. 
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are the most powerful tools for identifying the role of IL-1 in arthritis and have been 
used extensively in animal models. Therapeutic application is under study in recent 
trials in RA patients. 

Arthritogenicity of IL-1

It is generally accepted that arthritis can be induced in mice by IL-1 . This was con-
vincingly demonstrated by local injection of IL-1  or intra-articular overexpression 
by local gene transfer. One single injection of IL-1  in knee joints of mice results 
in disturbance of cartilage proteoglycan synthesis and influx of inflammatory cells 
[13]. Prolonged IL-1  exposure of rabbit or murine knee joints, using IL-1  gene 
transfer technology results in chronic destructive arthritis that resembles most fea-
tures of RA. When compared with TNF- , IL-1  is much more potent in inducing 
cartilage destruction in vivo. Tiny amounts of IL-1 are already sufficient to cause 
chondrocyte proteoglycan synthesis inhibition, whereas roughly a 100–1000-fold 
higher dose of TNF-  is needed to obtain the same effect [13]. IL-1  is the domi-
nant form in most arthritis models (see below), but the potency of both isoforms is 
similar. Transgenic overexpression of human IL-1  results in florid arthritis, with a 
major role of membrane-bound IL-1 [14, 15].

A strong argument for the dominant role of IL-1 in erosive arthritis has emerged 
from studies in TNF transgenic mice. The group of George Kollias have already 
shown that arthritis was arrested when these mice were treated with antibodies 
against the IL-1R [16]. More recent work further clarified separate roles of TNF 
and IL-1 in inflammation and erosion. In TNF transgenic mice (hTNFtg) that were 
crossed with IL-1 , -deficient mice, the synovial inflammation was almost unaf-
fected. However, bone erosion was highly reduced and cartilage damage was absent 
[17]. TNF levels were still high, which implies that TNF alone is hardly erosive 
[18]. This has led to the conclusion that TNF-induced structural joint damage is 
mediated by IL-1.

Arguments for a role of IL-1 in erosive arthritis

Table 1 shows arguments for a leading role of IL-1 in destructive arthritis. Apart 
from a clear role in single mediator systems, the exact impact of IL-1 has been iden-
tified in models of arthritis using antibodies, IL-1Ra or IL-1 gene-deficient mice. It 
appears that considerable IL-1 production occurs in many models, independent of 
TNF. This is in line with greater efficacy of anti-IL-1 treatment as compared to anti-
TNF treatment. TNF blockade was effective when started before or shortly after 
onset of CIA, whereas anti-IL-1 treatment was more efficient and also suppressed 



65

Role of IL-1 in erosive arthritis, lessons from animal models

advanced erosive arthritis [19]. Studies in mice deficient for the TNF receptor or 
TNF itself showed reduced incidence and severity of CIA. However, once joints 
were affected, full progression to erosive damage was seen in an TNF-independent 
fashion [20, 21]. Similar examples are seen in other models and are described here 
under the respective headings. 

First clinical trials showed major protective effects of anti-TNF treatment in RA 
patients. Although the initial experimental findings were in favor of IL-1 as com-
pared to TNF, clinical studies in RA patients were unfortunately disappointing. The 
soluble IL-1 type I receptor used had a high affinity for IL-1Ra, thus scavenging 
the endogenous IL-1 inhibitor. Later studies with IL-1Ra as a therapeutic modality 
showed significant reduction of joint erosion, although the effects on joint inflam-
mation were limited. Recently, trials were started with a solid neutralizing antibody 
to IL-1 , and have shown efficacy in a subgroup of RA [22]. 

Role of IL-1 in models of arthritis

Further insight into relative roles of TNF, IL-1 and IL-17 has emerged from detailed 
studies in a range of experimental arthritis models and findings are summarized 
in Table 2. The model systems include innate, nonimmune triggering of synovial 
cells, as well as different mixtures of arthritogenic pathways driven by T cells and 
immune complexes. Crucial findings are based on blocking studies with specific 
inhibitors as well as cytokine-deficient mice. Comparative studies with neutralizing 
antibodies are potentially flawed by the efficacy of the various antibodies to fully 
neutralize a particular cytokine. On the other hand, observations from knockout 
mice predominantly provide insight into a role at the onset of arthritis; however, 
studies with arthritis models in conditional cytokine knockouts are scant. 

Table 1 - Arguments for a dominant role of IL-1 in destructive arthritis.

High arthritogenic and erosive potency of IL-1

TNF-induced arthritis can be arrested with anti-IL-1R antibodies

Bone erosion is highly suppressed in hTNFtg/IL-1–/– mice

Cartilage erosion is fully prevented in hTNFtg/IL-1–/– mice

TNF-independent production of IL-1 in many models of arthritis

Greater efficacy of anti-IL-1 as compared with anti-TNF to reduce erosions in many models

Erosive arthritis models can still be induced in TNF–/– mice

No cartilage and bone destruction in models in IL-1–/– mice

IL-1Ra–/– mice, displaying uncontrolled IL-1 activity, develop arthritis
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Mixed T cell and immune complex pathways

CIA and antigen-induced arthritis (AIA) are models based on preimmunization with 
a cartilage-specific or an exogenous protein, with generation of T cell reactivity and 
antibodies. The onset of arthritis is a mixture of pathways driven by immune com-
plexes and T cells. TNF is important at onset of CIA, but IL-1 blocking is highly 
efficacious both in acute and advanced stage [19]. The latter is probably linked to 
IL-1-mediated generation of cartilage-derived autoantigens, epitope spreading and 
a role of IL-1 in generation of T cell autoreactivity at the site. IL-1  is the dominant 
isotype, and IL-1Ra-deficient DBA mice show enhanced susceptibility [23]. IL-17 
blockade was effective in established arthritis and mainly prevented erosions [24]. 

The onset of AIA is vigorous and only partly dependent on TNF and IL-1. Car-
tilage erosion and propagation of inflammation are dependent on IL-1 [25, 26]. 
Intriguingly, when smoldering chronic arthritis is exacerbated with a small dose of 
antigen, T cell-mediated flares were strongly IL-17 dependent [27], underlining that 
processes can become relatively TNF/IL-1 independent, when sufficient Th17 cells 
are generated at the site. 

Immune complex arthritis 

Arthritis induced by passive transfer of antibodies directed against a cationic antigen, 
planted in the joint showed some TNF dependency at onset, but arthritis could be 
completely blocked with anti-IL-1 antibodies [28]. More recent studies with autoim-
mune glucose-6-phosphate isomerase (GPI) antibodies were done in TNF and IL-1-
deficient mice. Findings were similar. Arthritis incidence was reduced in TNF–/– mice, 
but some animals showed undisturbed, severe arthritis, indicating that TNF helps to 
set arthritis in motion, but is not crucial anymore in propagation of immune complex 
arthritis. In contrast, IL-1-deficient mice were strongly protected [29]. Mast cells 
contribute to immune complex arthritis expression through release of IL-1 [30].

Table 2 - Involvement of IL-1 and other features of various murine arthritis models.

Collagen arthritis greater effect of IL-1 blocking as compared to TNF

AIA major effect of anti-IL-1 treatment on erosion

AIA-flare shift to a dominant role of IL-17 

Immune complex more dominant role of IL-1 as compared to TNF

SCW arthritis strong TNF dependence, role of IL-1 in cartilage damage

SCW rechallenge shift from TNF to IL-1 to IL-17 after repeated flares

IL-1Ra–/– mice excessive IL-1 allows generation of autoreactive Th17 
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T cell-driven arthritis

The classic model of adjuvant arthritis (AA) in rats is a pure T cell model. Syn-
ergistic effects were noted of combined TNF/IL-1 blocking [31]. More recently, 
novel transgenic mouse models have been developed, which provide further 
insight into a role of IL-1 in generation of arthritogenic T cells. Mice deficient 
in IL-1Ra display uncontrolled IL-1 activity, and develop spontaneous T cell-
dependent autoimmune arthritis in a defined genetic background [32]. The model 
is impaired in TNF-, IL-6- and IL-17-deficient mice [33, 34]. It argues that exces-
sive IL-1, together with IL-6, generates autoreactive Th17 cells. When neutralizing 
antibodies are given after onset of arthritis, anti-TNF was ineffective, anti-IL-17 
halted further progression, but anti-IL-1 reduced the arthritis (personal unpub-
lished observations).

Other examples of manipulated T cell function leading to autoimmune arthritis 
are the SKG and GP 130 arthritis models [35–37]. In the SKG arthritis, aberrant T 
cell receptor function allows positive selection of autoimmune T cells, whereas in 
the GP 130 model a mutation in the IL-6 receptor induced enhanced signaling and 
identified excessive IL-6 signaling as being able to drive T cell-dependent autoim-
mune arthritis. SKG arthritis was strikingly impaired when the mice were crossed 
with IL-1-deficient mice. 

Innate arthritis – Repeated exacerbations

Strongest TNF dependence of acute inflammation is found when arthritis is induced 
locally with a phlogistic trigger such as streptococcal cell wall fragments (SCW) or 
yeast particles (Zymosan). Both joint swelling and cell influx in the synovial tissue is 
markedly reduced with anti-TNF antibodies. A similar dependence of TNF is noted 
in TNF–/– mice. IL-1 has no role in this, but is responsible for the catabolic effect on 
the articular cartilage [38–40]. Optimal control of both inflammation and cartilage 
damage is achieved with anti-TNF/IL-1 combination therapy.

The pattern changes when repeat injections are given (Fig. 4), characterized by 
consecutive flares, more persistent synovial infiltrate and joint erosion. After three 
to four rechallenges, the swelling response remains a TNF-dependent phenomenon, 
but chronic cellular infiltration as well as bone and cartilage erosion become IL-1 
dependent. In fact, marked synovitis and erosion is seen when this repeat model 
is induced in TNF-deficient mice, whereas this is absent in IL-1–/– mice [38, 40]. 
In addition, the model becomes IL-17 dependent. Apparently, arthritis starts with 
TLR2-mediated local activation of synovial macrophages and fibroblasts. After 
repeat challenges, T cell reactivity is generated in an IL-1-dependent fashion. IL-17 
levels increase; the chronic model is markedly reduced in IL-17R-deficient mice 
[41]. 
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Of note, molecular mimicry has been demonstrated between SCW peptidogly-
cans and cartilage proteoglycans at the T cell level and cross-reactive autoimmunity 
may contribute in the chronic phase. Cartilage fragments such as fibronectin, aggre-
can and biglycan may contribute to arthritis via TLR4 activation [2]. 

Figure 4 
Pattern of arthritis induced by a single or consecutive repeat intra-articular injections of SCW 
fragments. Note the increasing chronicity. The histology shows a picture at day 7 after the 
fourth SCW rechallenge in control mice (left) and IL-1 -deficient mice (right). Inflammation 
and erosion is markedly reduced in the latter .
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Cytokine dependency may shift

Depending of the pathogenic pathway, relative cytokine dominance may shift 
(Fig. 5). Of course, when the underlying defect of arthritis is a deranged overproduc-
tion of TNF, then all IL-1 production is downstream of TNF and TNF blockade is 
sufficient. When synovial activation is caused by nonimmune macrophage/fibroblast 
activation, TNF still is a major player, although TNF-independent IL-1 production 
is evident. The pattern shifts to IL-1 and IL-17 when immune elements come into 
play. Immune complexes mainly drive TNF-independent IL-1 production, and IL-1 
is a crucial factor in generation of autoreactive T cells [42]. Finally, the process may 
even become IL-1 independent when sufficient Th17 cells are generated, and direct 
triggering of such cells creates IL-17-driven arthritis. Such a condition is evident in 
pure T cell-mediated flares of AIA [27]. 

Potential overkill of IL-1 by other pathways

As mentioned above, IL-17 is a cytokine mainly derived from the recently identi-
fied T cell subset Th17. It shares many properties with IL-1, including its effect on 
articular chondrocytes to drive cartilage destruction and its potential to up-regulate 
RANKL and to mediate bone erosion. Although less potent than IL-1, it shows 
strong synergy with TNF and can greatly exaggerate arthritis driven by other stim-
uli, as identified in passive GPI arthritis [43]. Local IL-17 overexpression strongly 
exacerbates CIA, but also overrules the IL-1 dependency of this model [24].

Figure 5
Cytokine patterns may change dependent on the driving elements. Shift in total TNF depen-
dence of IL-1 production to an almost independent role, ultimately culminating in autonomous 
IL-17 production, where sufficient Th17 cells are generated with IL-1, IL-6 and IL-23 help. 
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Another intriguing finding was the capacity of the TLR4 agonist LPS to circum-
vent IL-1 dependency of passive KRN arthritis. When serum of arthritic KRN mice, 
containing anti-GPI antibodies, is passively transferred to normal recipients, these 
animals develop florid arthritis, which is absent in IL-1-deficient mice. However, 
when LPS is co-administered GPI arthritis develops undisturbed in IL-1–/– mice 
[44]. The TLR4 pathway shares many of the signaling elements of the IL-1 pathway 
and this might explain IL-1 redundancy. It argues that cytokine dependency of an 
arthritic process may shift when environmental TLR ligands such as bacteria and 
viruses become involved. 

Anti-IL-1 therapy in the clinical situation

It has been long recognized that reduction of IL-1 is a powerful therapeutic approach 
to prevent chronic erosive joint inflammation in various murine arthritis models. If 
elements of the models apply to the clinical situation in RA patients, IL-1 directed 
therapy makes sense. There is growing evidence that autoantibodies contribute to 
severity and erosive character of RA. Efficacy of anti-B cell therapy and blocking 
of activated T cells (CTLA4) underline immune involvement in RA patients and 
would suggest that IL-1 is a crucial player. Nevertheless, clinical trials with IL-1Ra 
(anakinra) have been disappointing so far. Joint erosion was markedly suppressed 
but effects on joint inflammation were, at best, moderate. It has long been argued 
that IL-1Ra treatment might have been suboptimal, due to poor pharmacokinetics. 
This was also the impression of experimental arthritis work, where IL-1Ra continu-
ously supplied at high dose with Alzet minipumps was efficacious in CIA, whereas 
daily dosing was insufficient [19]. However, the great efficacy of IL-1Ra treatment 
in adult-onset Still’s disease [45], several autoinflammatory disorders linked to 
mutations of proteins controlling IL-1  secretion, and more recently gout, fueled 
the disbelief of a dominant role of IL-1 in RA. Novel anti-IL-1 therapies with high 
quality neutralizing anti-IL-1  antibodies [22] are under investigation at present, 
and will provide definite insight into the role of IL-1 in RA. It is warranted to pay 
proper attention to impact on cartilage erosion, which is a hallmark of IL-1 activity. 
Most trials just score joint space narrowing on X-rays, which is a poor read out of 
focal cartilage damage. Hopefully, improved MRI technology will become available 
to offer greater sensitivity.
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Abstract

Interleukin-15 (IL-15) is a cytokine of the four- -helix superfamily that mediates pleiotropic effects 
in regulating components of both the innate and adaptive immune system. It binds to a heterotri-
meric receptor consisting of the common -chain receptor, IL-15/IL-2 receptor -chain and unique 
IL-15 receptor -chain. IL-15 is expressed at the mRNA level in a variety of cell lineages and is 
expressed as protein as part of the rapid early inflammatory response. It mediates activation of 
NK cells, T cells, neutrophils and macrophages and as such is considered a broad immune activat-
ing moiety. IL-15 expression has been described in a variety of inflammatory diseases, including 
particularly rheumatoid arthritis, psoriatic arthritis and reactive arthritis. Within synovial tissues in 
particular it has been ascribed an inflammatory role by virtue of its capacity to activate T cells, NK 
cells macrophages and neutrophils. Moreover, in vivo model studies suggest that IL-15 neutrali-
sation leads to reduction in articular inflammation and damage. Early clinical trials have shown 
promise in that IL-15 blockade using a monoclonal antibody in rheumatoid arthritis patients lead 
to some trends to improvement, providing biological proof of concept. 

Introduction

Cytokines such as TNF-  and IL-1 are established therapeutic targets with strong 
basic preclinical rationale taken through to clinical trials and clinical practice across 
a rage of disorders. IL-15 is a cytokine with structural similarities to IL-2 [1, 2] that 
has been implicated in both the innate and adaptive arms of the immune response. 
Furthermore, it is likely to be involved in autoimmune and inflammatory conditions 
and, therefore, is under evaluation for its therapeutic potential. This chapter reviews 
the biological structure of IL-15, summarise its expression in normal tissues and its 
implication in disease processes and finally reviews recent findings implicating IL-15 
as a therapeutic target.
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Structure and expression of IL-15

IL-15 is structurally similar to IL-2 and comprises of a four- -helix structure. How-
ever, it has a much wider distribution and functional repertoire than IL-2 and, in 
particular, is generally pro-inflammatory distinct from the immune regulatory sup-
pressive effects of IL-2 in the T cell compartment. IL-15 is expressed in many nor-
mal tissues and in a variety of cellular lineages including monocytes, dendritic cells 
(DCs) and fibroblasts [3, 4]. IL-15 mRNA expression is not correlated with protein 
detection evidence of significant post-translation regulatory control [5]. Generally, 
two IL-15 isoforms are generated: one with a long signalling peptide containing 
48 amino acids that is generally secreted, and a shorter signalling peptide comprising 
of 21 amino acids that traffics to both the cytoplasm and nucleus [6–10]. Therefore, 
cell membrane expression may be important in extracellular interactions of IL-15, 
whereas cytoplasmic and nuclear pools may represent either an endogenous feedback 
system or a store that can be mobilised in the event of an acute challenge.

The IL-15 receptor is heterotrimeric and consists of a -chain (shared with IL-2), 
the common -chain and a unique -chain. The IL-15R  is a type I transmembrane 
receptor and is structurally related to the IL-2R -chain. The structure is inter-
esting because it contains a sushi domain for cytokine binding as well as a long 
intracellular domain associated with a potential for cell signalling without receptor 
complexes. Furthermore, receptor splicing yields eight isoforms some of which are 
unable to bind IL-15 [3, 11, 12] and so may limit IL-15 expression by acting as 
negative feedback signals within the cell [13].

IL-15 signalling pathways

In most leucocytes (except perhaps mast cells) IL-15R signals through JAK1/3- and 
STAT3/5-dependent pathways [3, 4]. Further signals may be transduced through src-
related tyrosine kinases and Ras/Raf/MAPK to fos/jun activation. Other implicated 
pathways include the Bcl-related proteins and may account for the role of IL-15 in 
apoptosis. In fibroblasts, IL-15R  may act as a co-stimulator with other receptor 
superfamilies including the receptor tyrosine kinase Axl, which signals through 
PI3K, Akt and finally Bcl-2/Bcl-XL [14]. IL-15 and IL-15R  may interact with the 
/ -chain on adjacent cells facilitating trans signalling [15]. This is due to IL-15 hav-

ing two sites at which IL-15R  can bind, therefore giving the possibility that one 
cytokine molecule could bind two receptors allowing the potential for bi-directional 
signalling [4]. This could be of particular importance in the expansion and control 
of CD8 T cell subsets and raises important issues for potential therapeutic targeting. 
The IL-15 molecule itself may be involved by reverse signalling whereby IL-15 is 
expressed as an integral membrane protein via the long signalling peptide. Ligation 
of such IL-15 leads to serine phosphorylation and activation of mitogen-activated 
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protein kinases (ERK1/2 and p38). A further pathway involving small Rho-GTPase 
Rac3 may be activated in a similar fashion – both of these pathways may be impli-
cated in monocyte activation [16, 17].

IL-15 bioactivity

IL-15 has many effects commensurate with broad receptor expression (Tab. 1). These 
effects, however, are often characterised on the basis of addition of exogenous IL-15 and 
confirmation of a role for endogenous molecule is rather sparse – this is important given 
the limited extracellular expression of the cytokine that is described in most systems.

Table 1 - Biological effects of IL-15

Cell type Key effects References

T lymphocytes - activation / proliferation
- cytokine production Th/c1 & 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 upregulation

Dendritic Cell - maturation
- activation

Neutrophil - activation
- cytoskeletal rearrangement
- cytokine release
- reduced apoptosis

Fibroblast - reduced apoptosis
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T cells

T cells up-regulate IL-15R  as a feature of early activation. IL-15 induces the prolif-
eration of both CD4 and CD8 T cells thereby driving clonal expansion, both antigen 
specific and polyclonal. IL-2 release is induced and cytotoxicity may be enhanced in 
relevant cellular subsets [3, 18, 19]. Various membrane activation markers such as 
CD69 or FasL have been shown to be up-regulated [20, 21] mainly on CD45RO+ 
but not CD45RA+ cells [20]. IL-15 also promotes T cell chemokinesis and adhe-
sion molecule redistribution [22–24]. IL-15 in turn up-regulates both chemokine 
expression and chemokine receptor levels to further enhance cellular migration 
and recruitment to tissues as required. IL-15 has generally been shown to favour 
development of type 1 responses. For example, synovial T cells are induced to 
release high concentrations of IFN-  in vitro by IL-15, and T cells from HIV-infected 
patients produce more IFN-  in the presence of high dose IL-15 [25]. However, 
other studies have shown that IL-15 induces IL-5 production from allergen-specific 
T cell clones implying evidence for a role in type 2 responses [26]. IL-15 is now 
established as having a critical role in maintenance of T cell memory in both the 
CD8 [27] and CD4 T cell compartments. In particular, studies in IL-15 transgenic 
mice infected with Listeria monocytogenes support a role for specific memory in the 
CD8+ compartment [28] with further reports suggesting the observations extending 
into the CD4+ T cells [29, 30].

Macrophages

IL-15 may act as an autocrine regulator of macrophages with low levels suppressing 
activity and high levels inducing both pro-inflammatory cytokine and chemokine 
production [31]. Human macrophages also constitutively express membrane-bound 
IL-15 and this may be of importance in their early activation. Both LPS and GM-
CSF induce translocation of cytoplasmic stores of IL-15 to the cell surface where it is 
able to sustain T cell proliferation [32]. This activity may comprise a major pathway 
for IL-15 effector function in early innate responses.

Dendritic cells

IL-15 along with GM-CSF has been show to mature monocytes into DCs (CD1a+, 
DR+, CD14–). DCs could be further matured using LPS, TNF-  or CD40L into 
CD83+, DC-LAMP+ cells [33]. Some of these cells express Langerhans cell mark-
ers such as E-cadherin and CCR6. Further studies suggest that IL-15 is involved in 
promoting IL-12 and NO release from myeloid DC (mDC) and also perhaps IL-2 
secretion [34, 35]. Moreover, IL-15 is broadly expressed in mDC and plasmacytoid 



79

Interleukin-15

DC subsets contained within the synovial membrane of patients with rheumatoid 
and psoriatic arthritis (Lebre et al., in preparation). Thus, it is likely that IL-15 oper-
ates at an early stage to promote maturation and functional activation of DCs.

Neutrophils

Neutrophils express the IL-15 receptor and IL-15 can induce activation and rear-
rangement of the cytoskeleton [36, 37]. It also enhances phagocytosis, increases both 
mRNA transcription and translation of a variety of cytokines and chemokines as 
well as reducing apoptosis. The latter may be mediated by decreased levels of caspase 
1 and 3 thereby modifying Bax expression [4, 38]. The functional importance of 
these has been confirmed in vitro using Candida albicans but the significance in vivo 
in autoimmune inflammatory and host defence states needs to be further evaluated.

Eosinophils and mast cells

IL-15 regulates eosinophil survival probably mediated through increased GM-CSF 
production leading to NF- B nuclear translocation [39]. Mast cells have been 
known to respond to IL-15, especially via a novel IL-15 receptor in this lineage 
[40], although the existence of the latter is not yet confirmed to our knowledge. 
Nevertheless, there is significant evidence for IL-15 having an effector function in 
these cells, perhaps mediated via the conventional receptor system described above. 
IL-15 enhances proliferation of mast cells and delays their apoptosis, most prob-
ably through a Bcl-KL pathway and local release of IL-4, when growth factors are 
withdrawn [41].

Fibroblasts

IL-15 is expressed on fibroblasts grown from a variety of tissues and may be impor-
tant given the theoretical ability of these cells to modify the immune response. 
Membrane IL-15 on fibroblasts is thought to be able to activate both NK and T 
cells [43, 44] and may, through an Akt/PI3K pathway and Bcl-2, be able to sustain 
fibroblast survival [14].

IL-15 expression in inflammatory arthritis

The pleiotropic effects of IL-15 described earlier clearly render it a candidate 
cytokine in the pathogenesis of inflammatory arthritis. IL-15 mRNA and protein 
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have been detected in rheumatoid arthritis (RA) synovial membrane by a number 
of investigators. IL-15 mRNA levels are present at higher levels in RA than in other 
disease-related synovial biopsies [45]. Although cautious interpretation of mRNA 
data is required, it is of interest that IL-15 mRNA levels are higher in patients prior 
to commencement of immune suppressive therapy. Concentrations of protein pres-
ent are similar to levels of TNF-  or IL-12 detected in parallel assays [46], but are 
lower than other monokines, e.g., IL-6 and IL-18. IL-15 has also been measured in 
RA synovial fluid using soluble IL-15R -chain in a novel receptor capture assay 
[46] in which IL-15 levels in RA synovial fluid correlate closely with those detected 
by ELISA. We have also detected IL-15 in synovial fluids derived from patients 
with psoriatic arthritis, suggesting that IL-15 may be present in a broad range 
of inflammatory arthropathies. Moreover, Raza and colleagues [47] examined 
patients with very early arthritis using synovial lavage and observed high levels of 
IL-15 expression in those that subsequently met criteria for RA, suggesting 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 
[48, 49]. Serum IL-15 expression does not correlate with disease subsets thus far 
recognised. Whereas RA serum TNF-  levels correlate with the presence of ger-
minal centres in parallel synovial biopsies, IL-15 levels were elevated in patents 
in whom either germinal centres or diffuse lymphocytic infiltrative patterns were 
observed [16].

IL-15 expression in inflamed synovium is found in lining layer macrophages, 
together with synovial fibroblasts and endothelial cells [50–52]. Synovial T cells 
have also been reported to express membrane IL-15 [51]. The distribution of IL-15 
is similar in psoriatic and reactive arthritis synovial membranes but expression is 
at reduced levels as compared to RA [51]. Of interest, both psoriatic and reactive 
arthritis 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 [53], associated with IL-18, IL-12 and IFN-  
expression.

Factors that in turn drive synovial IL-15 expression are unclear. We have recently 
shown that activated T cells can induce IL-15 expression in macrophages via cog-
nate interactions. Exposure of synovial fibroblasts to TNF-  or IL-1  also induces 
high levels of IL-15 expression, although we have rarely detected this in secreted 
form. Recent studies in dermal fibroblasts similarly demonstrated that TNF-  but 
not IFN-  induces membrane expression of IL-15, which in turn can sustain T cell 
growth [54]. 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 produc-
tion and secretion of IL-15 by RA synovial fibroblasts, together with IL-6 and IL-8 
[55]. Furthermore, suppression of Wnt5 or Fz5 using antisense, dominant-negative 
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mutants or neutralising antibodies led to reduction in IL-15 expression [56]. Thus, 
a variety of stimuli including cellular feedback loops may promote IL-15 release in 
synovium.

Strategies to target IL-15 in vivo

The complexities of IL-15 physiology pose considerable difficulties in determin-
ing what should be the optimal therapeutic strategy. Thus far three protein-based 
approaches have been considered, namely use of: (i) neutralising antibodies directed 
against either IL-15 or its receptor subcomponents, (ii) soluble IL-15R  and (iii) 
mutated IL-15 species, usually generated as fusion proteins. A further approach is to 
utilise small molecule signal pathway inhibitors aimed particularly at JAK/STAT path-
ways subserving IL-15 function. These are not yet specific to IL-15-mediated function 
but inhibit several common -chain receptor-mediated events. Several studies utilising 
these diverse approaches have been attempted, or are currently ongoing.

Inflammation model studies – IL-15 targeting in vivo

Several of the approaches mentioned above have been tested in relevant disease mod-
els. We have used full-length soluble IL-15R  administration to manipulate IL-15 
bioactivity in vivo. When sIL-15R  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-  and TNF-  production in vitro [57]. On discontinuation of 
sIL-15R  administration, CIA developed to levels comparable with controls, sug-
gesting that anti-inflammatory effects are transient. In subsequent studies we have 
generated targeted mutants of IL-15R  and identified the sushi domain as essential 
for functional cytokine neutralisation [58]. Selected deletion of cysteine residues 
similarly disrupted folding to abrogate binding and function. Studies are ongoing to 
determine whether small molecule derivatives of sIL-15R  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 mutant IL-15 forms that can spe-
cifically modify IL-15 activities. An IL-15/Fc 2a fusion protein that antagonises the 
activities of IL-15 in vitro and lyses receptor-bearing cells, suppresses the onset of 
delayed-type hypersensitivity responses in vivo, associated with reduction in CD4+ 
T cell infiltration [59]. This fusion protein has also proven effective in vivo in pre-
venting rejection of murine islet cell allografts in combination with CTLA4/Fc [60]. 
Studies in CIA indicate that this fusion protein is effective in treating not only devel-
oping CIA but also established disease, and that after treatment disease recurrence is 
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suppressed. This effect is associated with suppression of expression of a broad range 
of inflammatory cytokines [61]. Finally, anti-IL-15 antibody has been employed in 
informative studies in vivo using a psoriasis model in which human psoriatic biop-
sies engrafted to SCID mice have received human anti-IL-15 monoclonal antibody 
(AMG714) leading to rapid clearance of the psoriatic tissue pathogenesis [62].

Clinical studies targeting IL-15

Clinical studies in humans have been performed using the neutralising antibody, 
AMG714, and a monoclonal antibody targeting IL-2/15R -chain, MIK 2. The 
optimal approach in clinical trials has not yet been established. The fully human 
IgG1 monoclonal anti-IL-15 antibody AMG714 binds and neutralises the activity of 
soluble and membrane-bound IL-15 in vitro. AMG714 has been tested in two clini-
cal trials in RA. In a 12-week, dose-ascending, placebo-controlled study, RA patients 
(n = 30) that had failed several previous DMARDs received a randomised, controlled, 
single dose of AMG714 (0.5–8 mg/kg) followed by open label weekly doses for 
4 weeks. IL-15 neutralisation was well tolerated [63]. This study was not placebo-
controlled throughout; however, encouraging signs of efficacy were obtained. Around 
60% of patients achieved an ACR20 response with some 25% achieving an ACR70 
improvement. In parallel studies, AMG714 was shown to inhibit endogenous RA 
synovial T cell activation and to suppress IL-15-induced cytokine release [63]. A 
subsequent dose-finding study has now been performed [64] in which RA patients 
received increasing fixed does (up to 280 mg per injection) of anti-IL-15 antibody 
every 2 weeks by subcutaneous injection for 3 months. An interim analysis indi-
cated satisfactory tolerance compared with placebo and ACR20 improvements were 
observed in approximately 60% of recipients receiving higher doses of AMG714. No 
significant alterations in the levels of circulating leucocyte 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 ARC20 responses occurred in AMG714 recipients compared to pla-
cebo at weeks 12 and 16 of follow-up. Of note, however, ACR20 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 biological 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 inter-
actions suggests that it may have some role in tolerance induction and therefore 
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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 CNS subsets indicating 
broad tissue effector function in host defence [65–70]. 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 attrac-
tive 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 in some psoriatic dis-
ease patterns. Finally, it will now be necessary to extend the range of modalities of 
blockade. Pre-clinical studies are underway using IL-15 mutant proteins and addi-
tional anti-IL-15 monoclonal antibodies are under consideration. A Phase I trial has 
been performed in which IL-15 was blocked using Mik 1 monoclonal antibody in 
patients with large granular lymphocyte leukaemia [71] – this reagent is now being 
tested in a variety of inflammatory conditions. In particular, there is interest in 
utilising signal molecule inhibitors, e.g. JAK inhibitors, which are in ongoing clini-
cal trials in RA with encouraging early results. These do not yet however facilitate 
specific cytokine targeting. This may not be a deficit in their strategic importance as 
focussing on a given pathological signalling pathways may offer some advantages 
over pan cytokine inhibition.

Conclusion

IL-15 and its receptor are expressed in a wide range of cell types. It contributes to 
a pathway involved in the early activation of the immune system and enhances NK, 
polymorphonuclear and T cell responses. It has been implicated in several of the 
inflammatory arthropathies and in vivo clinical trials suggest a role in attenuating 
the aberrant immune response. However, as ever, further trials are required with 
larger numbers of patients to further elucidate its effect, in particular the interaction 
with TNF-  and other pro-inflammatory cytokines.
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Abstract

IL-17 was identified in 1995/96 as a T cell-derived cytokine with effects on inflammation and neu-
trophil activation. Rheumatoid arthritis (RA) has emerged as the best-studied situation to justify 
the selection of IL-17 as a therapeutic target. By interacting with other proinflammatory cytokines, 
IL-17 was found to induce bone and cartilage destruction. In 2006, the precise cell source of IL-17 
was identified in the mouse. These cells were named Th17, and a key role for these cells was dem-
onstrated in various situations associated with inflammation. These new findings confirmed and 
extended the results previously obtained following the identification of IL-17 as a T cell-derived 
cytokine. At the same time, additional information was obtained on the other members of the 
IL-17 family and on the structure of the IL-17 receptor complex. Such knowledge has further 
extended the choice of possible modalities to control IL-17.

Introduction

Interest in IL-17 increased further recently, when in 2006, the precise cell source of 
IL-17 was identified in the mouse. These cells were named Th17, and a key role for 
these cells was demonstrated in various situations associated with inflammation. 
These new findings confirmed and extended the results previously obtained follow-
ing the identification of IL-17 as a T cell-derived cytokine.

Demonstration of the role of IL-17 in many inflammatory conditions further 
supported the concept of IL-17 targeting for treatment. We review these new find-
ings in light of the previous knowledge [1]. We focus on rheumatoid arthritis (RA), 
which has emerged as the best studied situation to justify the selection of IL-17 as 
a therapeutic target.

Identification of IL-17

IL-17 was described in 1995/96 as a proinflammatory cytokine produced by T cells. 
The key experiment was the demonstration that addition of IL-17 to mesenchymal 
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cells/fibroblasts was able to increase IL-6 and other proinflammatory cytokine pro-
duction, indicating immediately its role in inflammation [2, 3]. At the same time, 
IL-17 was shown to be able to induce neutrophil induction and maturation, an 
indication of its role in the acute mechanisms in host defense (Fig. 1).

Following the discovery of the molecule and of its key properties, a number of 
both human and mouse, spontaneous as well as induced, diseases were shown to be 
associated with IL-17 overexpression and production. For instance, IL-17 was on 
the list of genes, obtained through extensive gene array studies, found to be overex-
pressed in the brain of patients with multiple sclerosis. Using different approaches, 
similar conclusions were reached for Crohn’s disease and psoriasis. Although the 
list of diseases will certainly increase, RA emerged as the best-studied situation 
making IL-17 a therapeutic target. Although we focus here mainly on this condi-
tion, it should be kept in mind that most of the results can probably be transferred 
to the long list of conditions where chronic inflammation is associated with matrix 
destruction, with the examples of myelin or bone and cartilage, respectively.

Concordant results showed that IL-17 was involved in the proinflammatory 
patterns associated with joint inflammation and RA using mouse and human mod-

Figure 1
Effects of IL-17 on interactions between cells and cytokines associated with inflammation, 
cartilage, and bone destruction in rheumatoid arthritis.
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els (Fig. 1) [4]. In the mouse, an injection of IL-17 alone into a normal knee was 
sufficient to induce cartilage damage [5]. The continuous administration of IL-17 
by gene overexpression induced massive damage with extensive inflammatory cell 
migration, bone erosions, and cartilage degradation [6]. Conversely, inhibition 
with specific inhibitors including blocking antibodies and soluble receptor, or with 
IL-4 acting more broadly on other cytokines, provided protection from inflamma-
tion and destruction [7]. The studies showed an increased production of functional 
IL-17 by RA synovium but also by bone explants, indicating the role of T cells 
in juxta-articular bone destruction [8, 9]. As expected, this effect was associated 
with RANK ligand expression by these T cells, interacting with RANK-expressing 
cells, certainly osteoclasts but also mature dendritic cells [9, 10]. To clarify the role 
of IL-17 in chronicity, it was recently shown that in the mouse collagen arthritis 
model, IL-17 effect was dependent on the presence of TNF at the early phase, 
whereas at a later stage the disease was mostly IL-17 driven, and no longer TNF 
dependent [11].

Interactions between IL-17 and TNF

TNF is now considered as the key cytokine in RA. To consider the role of IL-17, it 
was necessary, to some extent, to take into account the role of T cells, or at least 
of some T cells. A key property for IL-17 was the synergistic interactions with 
TNF and to a lesser extent with IL-1 [12]. This critical property indicated that T 
cells could directly contribute to the inflammatory response. Furthermore, IL-17 
increased the production of TNF and IL-1 by monocytes [13]. Opposite results were 
observed with IL-4, the prototype of a Th2 cytokine. This was another indication 
that IL-17-producing cells were a particular subset of T cells.

The sequential analysis indicated that synergy was observed only when cells 
such as synoviocytes were first exposed to IL-17 and then to TNF. Synergy was not 
observed when cells were exposed first to TNF then to IL-17. This is in line with the 
role of these Th17 cells in the amplification of the initial response associated with 
TNF and IL-1 secretion.

Th17, the cellular source of IL-17

The most critical and recent step was the identification in 2006 of the cell source of 
IL-17 [14]. IL-17 was first described as a T cell product [2]. IFN-  is characteristic 
of Th1 cells and IL-4 of Th2 cells. The source of IL-17 was found to be different and 
these cells were named ThIL-17 or Th17 for short (Fig. 2). In the mouse, this new 
subset was identified by the demonstration of the inhibitory effect of IFN-  on IL-17 
production in mouse models of autoimmune diseases [15–17]. Induction of IFN-
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was shown to be sensitive to the synergistic interaction between IL-12 and IL-18, 
two classical monocyte products [18]. The new finding was the inhibition of IL-17 
by IFN- . The next step was the discovery of IL-23, another monocyte product, 
shown to be a key cytokine in the induction of brain inflammation in experimental 
models of encephalomyelitis [19].

IL-12 and IL-23 are two cytokines of the same family, both composed of dimers 
[20]. IL-12 is a heterodimer composed of the p35 and p40 subunits, whereas IL-23 
is composed of the p19 and p40 subunits. The first antibodies against IL-12 were in 
fact against the p40 protein, which is common to IL-12 and IL-23. The protective 
effects first thought to be due to the inhibition of IL-12 through p40, could also 
result from IL-23 inhibition. This was shown by the specific inhibition of p19, the 
IL-23-specific subunit, whereas no effect was shown with the inhibition of p35 [21]. 
Conclusive demonstration came from the use of mice deficient for these IL-12- and 
IL-23-specific subunits. Finally, the enhancing effect of IL-23 on IL-17 production 
was demonstrated in various models of autoimmune diseases. We do not know yet 
how these results on IL-23 can be applied to human RA.

Transcription factors have been identified as markers of the Th subsets with 
T-bet for Th1, and GATA-3 for Th2 cells. The transcription factor retinoic acid-
related orphan receptor  t (ROR t) was found to be associated with Th17. Indeed, 
mice with ROR t-deficient T cells have attenuated autoimmune disease, and do not 

Figure 2
Th17: A new subset of Th cells.
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have tissue-infiltrating Th17 cells [22]. Conversely, T-bet inhibits IL-17 production 
in vivo [23].

Cytokine receptors have been employed the same way using the IL-12-specific 
IL-12R 2 chain, as a marker of Th1 cells, and the IL-23-specific IL-23R-specific 
chain, as a marker of Th17 cells. The IL-12R 1 chain is common to both the IL-12 
and IL-23 receptors. The inhibitory effect of IL-17 on the Th1 pathway results from 
the IL-17 induced inhibition of IL-12R 2 expression, making cells not responsive 
to IL-12 effects on IFN-  production.

IL-17 can induce IL-1 and TNF production by monocytes [13]. This effect on 
the amplification of inflammation was further expanded by showing that IL-6 and 
IL-1, two key proinflammatory cytokines, could in turn increase IL-17 production 
through the induction of IL-23, leading then to an increase in IL-17 production 
[24].

These results have been obtained in the mouse and as such should be considered 
with caution when applied to the human situation. Even in the mouse, more recent 
results indicated the frequent co-expression of IFN-  and IL-17. Contribution of 
one of the two cytokines could lead to different pathogenic pathways, leading to 
the same clinical presentation as observed in mouse models of autoimmunity [25, 
26]. Our results with RA T cells clones indicated that IL-17 was often produced in 
association with IFN-  but not with IL-4 [27]. In situ immunostaining of the RA 
synovium showed two isolated populations of T cells producing either IFN-  or 
IL-17. Double-positive cells were rarely seen. It thus remains to be demonstrated 
whether these secreting patterns are still dynamic or fixed. Of interest in this context 
was the demonstration that cytokine-secreting T cells have a particular morphology 
with a plasma cell appearance, a pattern that can be induced in vitro and is associ-
ated with the loss of TCR and CD3 but not of CD4 [28]. As for B cells, the plasma 
cell morphology of the IFN-  and IL-17-producing cells strongly suggests that this 
is a fixed pattern related to a final stage of differentiation.

Th17/regulatory T cell balance

A key issue is the interaction between Th17 and regulatory T cells. Regulatory T 
cells are in charge of the control of the immune response. At baseline, in the absence 
of any particular stress or aggression, regulatory T cells are active and limit the 
intensity of the baseline response. In the context of stress, as seen during infection, 
this control is turned off to let the defense mechanisms be expressed according to 
the stimulation.

The first line of defense following exogenous stress results from the early nonspe-
cific stimulation of monocytes, followed by a second wave of inflammatory signals 
from T cells. The related inflammation through the production of proinflammatory 
cytokines such IL-6 and IL-1 activates the Th17 pathway. At the same time the regu-
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latory T cell pathway is inhibited. TGF-  alone is a potent inducer of regulatory T 
cells, whereas when combined with IL-6, an opposite effect is observed, leading to 
Th17 activation. TGF-  has been known for a long time for its immunosuppressive 
effects on lymphocytes. This new effect with enhancement of IL-17 production was 
thus more surprising [29]. In fact, it results more specifically from its inhibitory 
effects on the Th1 and Th2 pathways.

In the context of a chronic inflammatory disease such as RA, this situation is 
maintained, leading to the induction of disease-associated mechanisms and the 
inhibition of protective mechanisms. Although regulatory T cells can be seen at the 
site of inflammation, their function is defective resulting in chronicity. Induction 
of functional regulatory T cells has been observed in patients responding to TNF 
inhibition. Such a mechanism may well be critical in explaining the mode of action 
of TNF inhibition.

Recent papers indicated that TGF-  and IL-6 have much more potent effects 
on IL-17 production than IL-23 [30]. Regarding the regulatory balance between 
Th17 cells and regulatory T cells, IL-6 and TGF-  induce Th17 cells, whereas IL-6 
inhibits the generation of Foxp3-positive regulatory T cells induced by TGF-  [30]. 
Conversely, the inhibition of IL-17 by Th2 products, i.e., IL-4, established a long 
time ago, was confirmed by showing the inhibition of TGF-  production by IL-4 
[29, 31]. The human situation appears different where the combination of TGF-  
and IL-21, and not IL-6, was shown to induce Th17 development and IL-1 could 
be more critical than IL-6 [32, 33].

The IL-17 family

The published results mainly refer to IL-17A, the founding member of the IL-17 
family, which includes IL-17A–F. IL-17F has been given more attention because of 
its 50% sequence homology with IL-17A. When IL-17F is used alone, it appears 
to have similar effects to IL-17A but to a lower extent [34]. Sometimes IL-17F has 
minimal or even no effect when used alone. However, when combined with TNF, 
a synergistic effect is observed, almost as potent as with IL-17A. In contrast to the 
proinflammatory effects of IL-17A and F, IL-17E (also named IL-25) acts as a Th2 
cytokine with anti-inflammatory properties [35, 36].

Th17 cells can produce several proinflammatory cytokines including IL-17A, 
IL-17F, IL-22, TNF, and IL-6. IL-22 is a member of the IL-10 family, and synergizes 
with IL-17A or IL-17F to regulate genes associated with skin innate immunity [37]. 
Recently, IL-22 was shown to mediate IL-23-induced dermal inflammation [38]. 
In addition, Th17 cells are involved in cell interactions through the expression of 
RANKL. Such RANK-RANKL interaction is the final bridge whereby osteoblasts 
activate osteoclasts leading to bone destruction. Similar interactions are found 
between synoviocytes and dendritic cells.
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Structure of the IL-17 receptor

Not only the IL-17 family but also the IL-17 receptor (IL-17R)  family have been 
characterized (Fig. 3). Some limited knowledge on the IL-17R was apparent from 
the first results demonstrating a rather low affinity for the IL-17R, suggesting the 
presence of additional chains [39, 40]. Sequence screening showed proteins with 
a partial homology with the IL-17R. In the mouse, at least two members have to 
be taken into account [41]. The first is the original IL-17R renamed IL-17RA. The 
second is IL-17RC. The physical association of the two receptors has been shown, 
although it is still unclear if these are two chains of a single receptor or two different 
receptors. It was previously proposed that IL-17A could be the receptor for IL-17A 
and IL-17RC the receptor for IL-17F. In the human situation, our impression is that 
the two receptors can bind either IL-17A or IL-17F, possibly with different affinities. 
These findings result from small interference RNA studies, leading to the inhibition 

Figure 3
IL-17 A and IL-17F interactions with IL-17 receptors.
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of the cell surface expression of one of the two receptors. Inhibition of expression of 
one of the two receptors is sufficient to inhibit response to IL-17 alone in synovio-
cytes. However, the inhibition of the two receptors is needed to reduce the response 
to the combination of IL-17 with TNF [34]. As indicated previously, the effect of 
IL-17 used first increases that of TNF used in a second phase.

IL-17 targeting for treatment

The efficacy of cytokine targeting has first shown with TNF inhibitors. Similarly, the 
first available tools to inhibit IL-17 were a mouse soluble IL-17R receptor and an 
anti-IL-17 mouse monoclonal antibody. These tools were the equivalent of Enbrel 
and Remicade, developed to block TNF.

Today, the list of targets and tools has increased. The two major options are the 
targeting of the ligand or the receptor [42] (Fig. 4). Regarding the ligand, the pos-
sible choice is between IL-17A or IL-17F or both, and for the receptor, IL-17RA 
or IL-17RC. In addition, administration of IL-25, the member of the IL-17 family 
with opposite effects, may be of interest because of its Th2 properties to inhibit, 
at the same time, IL-17, IL-1, TNF, and IL-6. These results show similarities with 
the effects of IL-4. In addition, as for the other proinflammatory cytokines, active 
research is looking for small molecules able to control the intracellular signaling 
pathways.

Targeting cytokines may interfere with immune defense. Blocking TNF was asso-
ciated with an increased risk of tuberculosis reactivation. The mechanism implies an 
effect on the Th1 pathway and on the induction of IFN-  by IL-12 and IL-18 [18]. 
For IL-17, a link with neutrophils was apparent from the first results. This implies 
that inhibition of IL-17 may have consequences on the acute defense mechanisms 
involving neutrophils. Indeed, in the mouse, inhibition of the IL-17 system has 
been associated with increased mortality from bacterial lung infections [43]. IL-17 
appears to be critical for neutrophil activation and migration [44]. IL-17 is a strong 
inducer of IL-8, a key chemokine for neutrophils. Conversely, IL-17 appears to have 
inhibitory effect on the production of other chemokines involved in the migration of 
mononuclear cells. In addition, inhibition of the IL-23 pathway has been associated 
with defects in the cell-mediated immunity including increased severity of mycobac-
terial infections.

The position of IL-17 inhibition in the treatment of RA and other inflammatory 
conditions remains to be defined. Coming back to the synergistic interactions, an 
enhanced inhibitory activity was observed with the combination of TNF and IL-17 
inhibitors using ex vivo samples of RA synovium and bone [45]. Thus, primary or 
secondary lack of response to TNF inhibitors may represent a useful addition. It is 
possible that the combined inhibition of TNF and IL-17 may have the advantage of 
targeting two different cell types, monocytes and T cells. This would also control 
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the enhancing effects of IL-17 on TNF production by monocytes. However, only 
properly designed clinical trials could address this issue.

Anti-TNF non-responders may have an IL-17-driven disease or secondary loss of 
response to TNF inhibition may result from the induction or use of other pathways, 
possibly involving IL-17, taking over the initial predominant TNF contribution. 
Results in the mouse are in line with this possibility [11].

Conclusion

The story of IL-17 started 10 years ago and this is the time it took to become a 
cytokine in fashion. The identification of the Th17 subset indicates that some T 
cells are involved in and amplify the link between chronic inflammation and extra-

Figure 4
Modalities to inhibit IL-17 action.
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cellular matrix destruction. Similar concepts apply to other complex diseases with 
inflammation-induced destruction, such as multiple sclerosis and Crohn’s disease 
where the contribution of IL-17 has already been identified. Tools are now almost 
ready to verify whether these concepts, already 10 years old, are indeed correct.

Acknowledgements

I would like to thank all contributors to the IL-17 studies from our group over 
the years: Martine Chabaud, Masanori Kawashima, Corinne Granet, Guillaume 
Chevrel, Guillaume Page, Yuan Zhou, and today, Ling Toh and Saloua Zrioual.

References

1 Miossec P (2003) Interleukin-17 in rheumatoid arthritis: If T cells were to contribute to 
inflammation and destruction through synergy. Arthritis Rheum 48: 594–601

2 Fossiez F, Djossou O, Chomarat P, Flores-Romo L, Ait-Yahia S, Maat C, Pin JJ, Garrone 
P, Garcia E, Saeland S et al (1996) T cell interleukin-17 induces stromal cells to produce 
proinflammatory and hematopoietic cytokines. J Exp Med 183: 2593–603

3 Yao Z, Painter SL, Fanslow WC, Ulrich D, Macduff BM, Spriggs MK, Armitage RJ 
(1995) Human IL-17: A novel cytokine derived from T cells. J Immunol 155: 5483–6

4 Koenders MI, Joosten LA, van den Berg WB (2006) Potential new targets in arthritis 
therapy: Interleukin (IL)-17 and its relation to tumour necrosis factor and IL-1 in experi-
mental arthritis. Ann Rheum Dis 65 (Suppl 3): iii29–iii33

5 Chabaud M, Lubberts E, Joosten L, van Den Berg W, Miossec P (2001) IL-17 derived 
from juxta-articular bone and synovium contributes to joint degradation in rheumatoid 
arthritis. Arthritis Res 3: 168–77

6 Lubberts E, Joosten LA, van de Loo FA, Schwarzenberger P, Kolls J, van den Berg WB 
(2002) Overexpression of IL-17 in the knee joint of collagen type II immunized mice 
promotes collagen arthritis and aggravates joint destruction. Inflamm Res 51: 102–4

7 Lubberts E, Joosten LA, Chabaud M, van Den Bersselaar L, Oppers B, Coenen-De Roo 
CJ, Richards CD, Miossec P, van Den Berg WB (2000) IL-4 gene therapy for collagen 
arthritis suppresses synovial IL-17 and osteoprotegerin ligand and prevents bone ero-
sion. J Clin Invest 105: 1697–710

8 Chabaud M, Durand JM, Buchs N, Fossiez F, Page G, Frappart L, Miossec P (1999) 
Human interleukin-17: A T cell-derived proinflammatory cytokine produced by the 
rheumatoid synovium. Arthritis Rheum 42: 963–70

9 Sato K, Suematsu A, Okamoto K, Yamaguchi A, Morishita Y, Kadono Y, Tanaka S, 
Kodama T, Akira S, Iwakura Y et al (2006) Th17 functions as an osteoclastogenic 
helper T cell subset that links T cell activation and bone destruction. J Exp Med 203: 
2673–82



99

IL-17 and Th17 cells, key players in arthritis

10 Page G, Miossec P (2005) RANK and RANKL expression as markers of dendritic cell-T 
cell interactions in paired samples of rheumatoid synovium and lymph nodes. Arthritis 
Rheum 52: 2307–12

11 Koenders MI, Lubberts E, van de Loo FA, Oppers-Walgreen B, van den Bersselaar L, 
Helsen MM, Kolls JK, Di Padova FE, Joosten LA, van den Berg WB (2006) Interleu-
kin-17 acts independently of TNF-alpha under arthritic conditions. J Immunol 176: 
6262–9

12 Chabaud M, Fossiez F, Taupin JL, Miossec P (1998) Enhancing effect of IL-17 on 
IL-1–induced IL-6 and leukemia inhibitory factor production by rheumatoid arthritis 
synoviocytes and its regulation by Th2 cytokines. J Immunol 161: 409–14

13 Jovanovic DV, Di Battista JA, Martel-Pelletier J, Jolicoeur FC, He Y, Zhang M, Mineau 
F, Pelletier JP (1998) IL-17 stimulates the production and expression of proinflam-
matory cytokines, IL-beta and TNF-alpha, by human macrophages. J Immunol 160: 
3513–21

14 Harrington, LE, Mangan PR, Weaver CT (2006) Expanding the effector CD4 T-cell 
repertoire: The Th17 lineage. Curr Opin Immunol 18: 349–56

15 Iwakura Y, Ishigame H (2006) The IL-23/IL-17 axis in inflammation. J Clin Invest 116: 
1218–22

16 Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM (2006) Th17: An 
effector CD4 T cell lineage with regulatory T cell ties. Immunity 24: 677–88

17 Bettelli E, Korn T, Oukka M, Kuchroo VK (2008) Induction and effector functions of 
T(H)17 cells. Nature 453: 1051–7

18 Kawashima M, Miossec P (2004) Decreased response to IL-12 and IL-18 of peripheral 
blood cells in rheumatoid arthritis. Arthritis Res Ther 6: R39–R45

19 Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, Lucian L, To W, Kwan 
S, Churakova T et al (2003) Interleukin-23 rather than interleukin-12 is the critical 
cytokine for autoimmune inflammation of the brain. Nature 421: 744–8

20 Trinchieri G (2003) Interleukin-12 and the regulation of innate resistance and adaptive 
immunity. Nat Rev Immunol 3: 133–46

21 Chen Y, Langrish CL, McKenzie B, Joyce-Shaikh B, Stumhofer JS, McClanahan T, Blu-
menschein W, Churakovsa T, Low J, Presta L et al (2006) Anti-IL-23 therapy inhibits 
multiple inflammatory pathways and ameliorates autoimmune encephalomyelitis. J Clin 
Invest 116: 1317–1326

22 Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, Cua DJ, Litt-
man DR (2006) The orphan nuclear receptor RORgammat directs the differentiation 
program of proinflammatory IL-17+ T helper cells. Cell 126: 1121–33

23 Rangachari M, Mauermann N, Marty RR, Dirnhofer S, Kurrer MO, Komnenovic V, 
Penninger JM, Eriksson U (2006) T-bet negatively regulates autoimmune myocarditis by 
suppressing local production of interleukin 17. J Exp Med 203: 2009–19

24 Sutton C, Brereton C, Keogh B, Mills KH, Lavelle EC (2006) A crucial role for inter-
leukin (IL)-1 in the induction of IL-17-producing T cells that mediate autoimmune 
encephalomyelitis. J Exp Med 203: 1685–91



100

Pierre Miossec, Ling Toh and Saloua Zrioual

25 Luger D, Silver PB, Tang J, Cua D, Chen Z, Iwakura Y, Bowman EP, Sgambellone NM, 
Chan CC, Caspi RR (2008) Either a Th17 or a Th1 effector response can drive autoim-
munity: Conditions of disease induction affect dominant effector category. J Exp Med 
205: 799–810

26 Kroenke MA, Carlson TJ, Andjelkovic AV, Segal BM (2008) IL-12- and IL-23-modulat-
ed T cells induce distinct types of EAE based on histology, CNS chemokine profile, and 
response to cytokine inhibition. J Exp Med 205: 1535–41

27 Aarvak T, Chabaud M, Miossec P, Natvig JB (1999) IL-17 is produced by some proin-
flammatory Th1/Th0 cells but not by Th2 cells. J Immunol 162: 1246–51

28 Page G, Sattler A, Kersten S, Thiel A, Radbruch A, Miossec P (2004) Plasma cell-like 
morphology of Th1-cytokine-producing cells associated with the loss of CD3 expres-
sion. Am J Pathol 164: 409–17

29 Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, Elson CO, Hatton 
RD, Wahl SM, Schoeb TR, Weaver CT (2006) Transforming growth factor-beta induces 
development of the T(H)17 lineage. Nature 441: 231–4

30 Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner HL, Kuchroo VK 
(2006) Reciprocal developmental pathways for the generation of pathogenic effector 
TH17 and regulatory T cells. Nature 441: 235–8

31 Sarkar S, Tesmer LA, Hindnavis V, Endres JL, Fox DA (2006) Interleukin-17 as a molec-
ular target in immune-mediated arthritis: Immunoregulatory properties of genetically 
modified murine dendritic cells that secrete interleukin-4. Arthritis Rheum 56: 89–100

32 Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, Parente E, Fili L, 
Ferri S, Frosali F et al (2007) Phenotypic and functional features of human Th17 cells. 
J Exp Med 204: 1849–61

33 Yang L,,erson DE, Baecher-Allan C, Hastings WD, Bettelli E, Oukka M, Kuchroo VK, 
Hafler DA (2008) IL-21 and TGF-beta are required for differentiation of human T(H)17 
cells. Nature 454: 350–2

34 Zrioual S, Toh ML, Tournadre A, Zhou Y, Cazalis MA, Pachot A, Miossec V, Miossec 
P (2008) IL-17RA and IL-17RC receptors are essential for IL-17A-induced ELR+ CXC 
chemokine expression in synoviocytes and are overexpressed in rheumatoid blood. J 
Immunol 180: 655–63

35 Starnes T, Broxmeyer HE, Robertson MJ, Hromas R (2002) Cutting edge: IL-17D, a 
novel member of the IL-17 family, stimulates cytokine production and inhibits hemopoi-
esis. J Immunol 169: 642–6

36 Owyang AM, Zaph C, Wilson EH, Guild KJ, McClanahan T, Miller HR, Cua DJ, 
Goldschmidt M, Hunter CA, Kastelein RA, Artis D (2006) Interleukin 25 regulates type 
2 cytokine-dependent immunity and limits chronic inflammation in the gastrointestinal 
tract. J Exp Med 203: 843–9

37 Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M, 
Fouser LA (2006) Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and coop-
eratively enhance expression of antimicrobial peptides. J Exp Med 203: 2271–9

38 Zheng Y, Danilenko DM, Valdez P, Kasman I, Eastham-Anderson J, Wu J, Ouyang W 



101

IL-17 and Th17 cells, key players in arthritis

(2007) Interleukin-22, a T(H)17 cytokine, mediates IL-23-induced dermal inflammation 
and acanthosis. Nature 445: 648–51

39 Yao Z, Fanslow WC, Seldin MF, Rousseau AM, Painter SL, Comeau MR, Cohen JI, 
Spriggs MK (1995) Herpesvirus Saimiri encodes a new cytokine, IL-17, which binds to 
a novel cytokine receptor. Immunity 3: 811–21

40 Yao Z, Spriggs MK, Derry JM, Strockbine L, Park LS, VandenBos T, Zappone JD, 
Painter SL, Armitage RJ (1997) Molecular characterization of the human interleukin 
(IL)-17 receptor. Cytokine 9: 794–800

41 Toy D, Kugler D, Wolfson M, Bos TV, Gurgel J, Derry J, Tocker J, Peschon J (2006) 
Cutting edge: Interleukin 17 signals through a heteromeric receptor complex. J Immunol 
177: 36–9

42 Dong C (2008) IL-23/IL-17 biology and therapeutic considerations. J Immunotoxicol 5: 
43–6

43 Dubin PJ, Kolls JK (2007) IL-23 mediates inflammatory responses to mucoid 
Pseudomonas aeruginosa lung infection in mice. Am J Physiol Lung Cell Mol Physiol 
292: L519–28

44 Chung DR, Kasper DL, Panzo RJ, Chtinis T, Grusby MJ, Sayegh MH, Tzianabos AO 
(2003) CD4+ T cells mediate abscess formation in intra-abdominal sepsis by an IL-17-
dependent mechanism. J Immunol 170: 1958–63

45 Chabaud M, Miossec P (2001) The combination of tumor necrosis factor alpha block-
ade with interleukin-1 and interleukin-17 blockade is more effective for controlling 
synovial inflammation and bone resorption in an ex vivo model. Arthritis Rheum 44: 
1293–303



103
New Therapeutic Targets in Rheumatoid Arthritis, edited by Paul-Peter Tak
© 2009 Birkhäuser Verlag Basel/Switzerland

Role of IL-18 in inflammatory diseases

Charles A. Dinarello

Department of Medicine, Division of Infectious Diseases, University of Colorado Denver, 
12700 East 19th Ave, B168, Aurora, CO 80045, USA

Abstract

IL-18 is a member of the interleukin (IL)-1 family. IL-1  and IL-18 are closely related, and both 
require the intracellular cysteine protease caspase-1 for biological activity. Several autoimmune 
diseases are thought to be mediated, in part, by IL-18. Many are those with associated elevated 
interferon-  (IFN- ) levels, such as systemic lupus erythematosus, macrophage activation syn-
drome, rheumatoid arthritis, Crohn’s disease, psoriasis and graft versus host disease. 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 erythematosus, atherosclerosis, 
graft versus host disease and hepatitis. Unexpectedly, IL-18 plays a role in appetite control and 
the development of obesity. 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 capsase-1, human monoclonal antibodies to IL-18,
soluble IL-18 receptors and anti-IL-18 receptor monoclonal antibodies.

Introduction

IL-18 is a member of the IL-1 family of cytokines and is structurally related to IL-1
[1]. Recently, a new member of the IL-1 family, IL-33, has been reported; structural-
ly IL-33 is closely related to IL-18 [2]. However, 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-1  and the IL-18 precursors require caspase-1 for cleavage, activity and release 
[3–5]. Therefore, anti-proteases that inhibit capase-1 reduce both the processing 
and release of IL-1  and IL-18. Now, IL-33 can be added to the list of members of 
the IL-1 family that 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 sig-
nificance of IL-1, or its activity similar to the biologically activity of IL-33; in fact, 
IL-18 is a unique cytokine exhibiting inflammatory as well as immunoregulatory 
processes distinct from IL-1  or IL-33. For example, IL-1  is not required for IFN-
production, whereas IL-18 is [6]. Initially thought of as primarily a Th1-polarizing 
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cytokine, IL-18 is also relevant to Th2 diseases [7]. As discussed in this review, ani-
mal models reveal that targeting IL-18 holds promise for the treatment of autoim-
mune and inflammatory diseases.

IL-18 as an immunoregulatory cytokine

The importance of IL-18 as an immunoregulatory cytokine is derived from its 
prominent biological property of inducing IFN- . IL-18 was first described in 1989 
in the serum following an injection of endotoxin into mice pretreated with Propri-
onibacterium acnes and shown to induce IFN- ; however, at that time many investi-
gators concluded that the serum factor was nothing but IL-12. With a great deal of 
diligence, the putative IFN- -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 this “IFN- -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-1 . 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 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-1 , but it became clear that IL-18 activity would also be affected. 
In fact, any phenotypic characteristic of capsase-1-deficient mice undergoing inflam-
matory challenges must be differentiated as due to reduced IL-1  or IL-18 activity. 
For example, the IL-1 -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- , T cell polarization is a characteris-
tic of IL-18 whereas IFN-  induction is not a prominent characteristic of IL-1. IL-18 
exhibits characteristics of other pro-inflammatory cytokines, such as increases in 
cell adhesion molecules, nitric oxide 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, TNF-  and IL-6, is not a property of IL-18. 
Injection of IL-18 into mice, rabbits or in humans does not produce fever [10, 11]. 
Unlike IL-1 and TNF- , IL-18 does not induce cyclooxygenase-2 and hence there is 
no production of prostaglandin E2 [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 pre-
clinical studies reveal the benefit of IL-18 administration in certain models of rodent 
cancer. Not unexpectedly 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.
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Because IL-18 can increase IFN-  production, blocking IL-18 activity in autoim-
mune 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-  in the absence of IL-18. However, there are many models of 
IL-18 activity independent of IFN- . For example, we have recently reported a new 
cytokine, IL-32, which was discovered in the total absence of IL-12 or IFN-  [14]. 
Furthermore, models of inhibition of proteoglycan synthesis are IL-18 dependent 
but IFN-  independent [15]. In addition, IL-18-dependent melanoma metastasis to 
the liver is IFN-  independent [16]. The results of preclinical studies and the target-
ing of IL-18 to treat autoimmune and inflammatory diseases are discussed in this 
article.

Therapeutic strategies for reducing IL-18 activities

The strategies for reducing IL-18 activity include neutralizing anti-IL-18 monoclo-
nal antibodies, caspase-1 inhibitors and blocking antibodies to the IL-18 receptor 
(IL-18R) chains. Caspase-1 inhibitors are oral agents and are presently in clinical 
trials in rheumatoid arthritis; a reduction in the signs and symptoms of the disease 
has been observed. Caspase-1 inhibitors prevent the release of active IL-1  and 
IL-18 and, therefore, may derived clinical benefit by reducing the activities of both 
cytokines [3, 4, 17]. A naturally occurring IL-18-binding protein (IL-18BP) was dis-
covered in 1999; IL-18BP is effective in neutralizing IL-18 activity [18]. IL-18BP is 
not a soluble form of either chain of the IL-18R but rather a constitutively secreted, 
high-affinity and specific inhibitor of IL-18 [19, 20]. IL-18BP is currently in clinical 
trials for the treatment of rheumatoid arthritis and severe psoriasis. The pharma-
cokinetics of IL-18BP have been reported and IL-18BP is safe even at the highest 
doses in over 6 weeks of treatment [21].

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 procas-
pase-1 to active caspase-1. Single amino acid point mutations in the gene product 
result in increased processing and release of IL-1  [22]. Clinical manifestations 
include mental retardation, hearing loss, exquisite sensitivity to cold and deforming 
arthritis [23]. In some patients who had extremely high levels of serum amyloid A 
protein with renal deposits and terminal renal failure, a near total reversal in both 
the symptoms and biochemical abnormalities of the disease were seen within a few 
days of IL-1 blockade using the IL-1 receptor antagonist [24]. It is likely that IL-18 
also contributes to disease in these patients.



106

Charles A. Dinarello

The non-caspase-1 enzyme associated with processing both the IL-1  and 
IL-18 precursors is proteinase-3 (PR-3) [25]. Agonistic autoantibodies 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-  production in this disease. Epithelial 
cells stimulated with PR-3 in the presence of endotoxin release active IL-18 into 
the supernatant [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 that is IL-18 dependent [27]. However, 
FasL-mediated cell death is IL-18 dependent and caspase-1 independent [27], but 
ischemia-reperfusion injury results is cell death is via an IL-18- as well as a caspase-
1-dependent pathway [28, 29].

P2X7 receptor targeting

The P2X7 receptor is involved in the secretion of IL-1  as well as IL-18 [30–32]. 
Stimulation of this receptor by ATP is a well-described event in the release of IL-1  
and 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, 
analogues of KN-62-related compounds were characterized for their ability to 
affect the human P2X7 receptor on monocyte-derived human macrophages [33]. 
Although several analogues inhibited the secretion of IL-1 , no data exist on the 
effect of these inhibitors on IL-18 secretion [33]. Unlike IL-1 , the secretion of IL-18 
is mostly studied in vivo in mice that have been treated with Cryptosporidium par-
vum [4], rather than in vitro. In vitro, the release of IL-18 requires the presence of 
activated T cells [34, 35].

Targeting the IL-18Rs

Antibodies to either chain of the IL-18R complex are attractive options for treating 
IL-18-mediated diseases. The IL-18R chains (IL-18R  and IL-18R ) are members of 
the IL-1 receptor family. The binding sites for IL-18 to the IL-18R  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-18R ) and a third site binds to the IL-18R  chain, also 
called the signal transducing chain. The intracellular chains of the IL-18Rs contain 
the Toll domains, which are essential for initiating signal transduction (see Fig. 1). 
The Toll domains of the IL-18Rs are similar to the same domains of the Toll-like 
receptors, which recognize various microbial products, viruses and nucleic acids. 
As a therapeutic option, however, commercial antibodies generated to the IL-18R
and  chains are 100-fold less effective in neutralizing IL-18 activity compared to 
the IL-18BP [39]. Nevertheless, the development of blocking antibodies to IL-18R 
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Figure 1
IL-18 activation of cell signaling. Mature IL-18 binds to the IL-18R  chain and recruits the 
IL-18R  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 under-
stood, 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 (IRAK). There are four IRAK proteins. Depending on the cell type, 
other kinases have been reported to undergo phosphorylation. These are the TNF recep-
tor activating factor (TRAF)-6 and inhibitory kappa B kinases (IKK)  and  (not shown). 
Phosphorylation of IKK results in the phosphorylation of I B and translocation of NF- B to 
the nucleus. However, this is not observed uniformly in all cell types and there are distinct 
differences in NF- B activation in different cells stimulated with IL-18 [13]. In addition, 
IL-18-activated cells phosphorylate mitogen-activated protein kinase (MAPK) p38. In IL-18-
activated cells, new genes are expressed and translated. Those shown in the figure represent 
the pro-inflammatory genes. The presence of IL-18BP prevents IL-18-induced cellular activa-
tion. 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-18R  chain 
deprives the cell of the participation of IL-18R  chain in activating the cell.
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chains remains a viable therapeutic option since an antibody to the type I IL-1 recep-
tor chain is in clinical trials in rheumatoid arthritis.

Unless converted into a fusion protein in somewhat the same manner as that for 
other soluble cytokine receptors, it is unlikely that the soluble form of the mono-
meric form of the IL-18R  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-18R  chain with a 
high affinity but this binding does not recruit the IL-18R  chain. The occupancy of 
the IL-18R  without formation of the heterodimer with the IL-18R  is the same 
mechanism by which the IL-1 receptor antagonist prevents the activity of IL-1. 
However, IL-1F7 does not affect the activity of IL-18 [41, 42] and the biological 
significance of IL-1F7 binding to the IL-18R  remains unclear. However, in the 
presence of low concentrations of IL-18BP, IL-1F7 has been shown to reduce the 
activity of IL-18 [43].

IL-18BP

The discovery of the IL-18BP occurred during the search for the extracellular (solu-
ble) receptors for IL-18 in human urine. Nearly all the soluble cytokine receptors are 
found in human urine [44]. For example, the TNF p75 soluble receptor, used widely 
for the treatment of rheumatoid arthritis, ankylosing spondylitis and psoriasis, was 
initially purified and sequenced using ligand-specific affinity chromatography [45]. 
In searching for soluble IL-18 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-18Rs, the IL-18BP was discovered [18]. This was due to the higher affinity of the 
IL-18BP for the ligand compared to 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-18Rs; IL-18BP lacks a transmembrane domain and 
contains only one Ig-like domain [20, 46]. 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 
[47]. The fact that there is limited amino acid homology between IL-18BP and the 
IL-1 receptor type II suggests a common ancestor. In humans, IL-18BP is highly 
expressed in spleen and the intestinal tract, both immunologically active tissues 
[18]. Alternate mRNA splicing of IL-18BP results in four isoforms [18, 20]. Of 
considerable importance is that the prominent ‘a’ isoform is present in the serum 
of healthy humans at a 20-fold molar excess compared to IL-18 [19]. This level of 
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IL-18BP may contribute to a default mechanism by which a Th1 response to foreign 
organisms is blunted to reduce triggering an autoimmune responses to a routine 
infection. The promoter for IL-18BP contains two IFN-  response elements [48] 
and constitutive gene expression for IL-18BP is IFN-  dependent [49], suggesting a 
compensatory feedback mechanism. Thus, elevated levels of IFN-  stimulate more 
IL-18BP in an attempt to reduce IL-18-mediated IFN-  production. For example, in 
mice deficient in IFN regulatory factor-1, a transcription factor for IFN- , low to 
absent tissue levels of IL-18BP are found compared to wild-type mice [50]. These 
IFN regulatory factor-1-deficient mice are exquisitely sensitive to colitis, but when 
treated with exogenous IL-18BP exhibit reduced disease [51].

Viral IL-18BP

The most convincing evidence that IL-18 is a major player in inflammatory con-
ditions and that IL-18BP is functional in combating inflammation comes from a 
natural experiment in humans. Molluscum contagiosum is a common viral infec-
tion of the skin often seen in children and individuals with HIV-1 infection. 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 inflammatory 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 in M. contagiosum [18, 52, 53]. The 
viral genes encoding for viral IL-18BP have been expressed and the recombinant 
proteins neutralize mammalian IL-18 activity [52, 53]. 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 can 
conclude from this natural experiment of M. contagiosum infection that blocking 
IL-18 reduces immune and inflammatory processes such as the function of dendritic 
and inflammatory cells.

IL-18:IL-18BP imbalance in macrophage-activating syndrome

The macrophage-activating syndrome (MAS), also known as hemophagocytic syn-
drome, 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 disease, lymphoma, or cancer, the concentrations of circu-
lating IL-18, IL-18BP, IFN-  and IL-12 were determined and matched with clinical 
parameters. In the MAS, but not in control, patients there was evidence of highly 
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increased stimulation of macrophages and natural killer (NK) cells. Most impor-
tantly, concentrations of IL-18BP were only moderately elevated, resulting in a high 
level of biologically active free IL-18 [19] in MAS (4.6-fold increase compared with 
controls (p < 0.001). Others have reported marked expression of IL-18 in fatal MAS 
[54]. The concentrations of free IL-18 but not IL-12 significantly correlated with 
clinical status and the biological markers of MAS such as anemia, hypertriglyceri-
demia and hyperferritinemia, and also with markers of Th1 lymphocyte or mac-
rophage activation such as elevated concentrations of IFN- , soluble IL-2 and TNF 
receptors. 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, pre-clinical 
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 1. Assuming that neutral-
izing antibodies to IL-18 are developed and tested in human diseases, what are the 
anticipated differences between a neutralizing antibody and a neutralizing 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. How-
ever, the danger here is the increase risk of creating a novel epitope for antibody 
production. The advantage of monoclonal antibodies 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 monoclonal antibody 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 compar-
ing infections associated with anti-TNF-  monoclonal antibodies (infliximab or 
adalimumab) to the soluble TNF p75 receptor fusion protein (etanercept) shows 
that the differences may, in part, be due to differences in half-life as well as mecha-
nism of action [55]. In the case of neutralizing IL-18, the suppression of IFN-  is 
of concern for host defense against intracellular organisms such as Mycobacterium 
tuberculosis [56].
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Table 1 - Reduction in disease severity with blocking of endogenous IL-18 activity.

Disease model Intervention Outcome

Acute DSS-induced colitis Anti-IL-18 antibodies [9]; 
IL-18BP [90]

 clinical disease;  TNF- , 
IFN- , IL-1, MIP-1,2

Chronic DSS-induced colitis Caspase-1 KO [8]  IL-1 , IFN-  and CD3 cells

TNBS colitis colitis-induced 
colitis

IL-18BP [91]  clinical disease;  cytokines

CD62/CD4 T-cell-induced  
colitis

Adenoviral antisense IL-18 
[92]

 clinical disease;  mucosal 
IFN-

Streptococcal wall-induced 
arthritis

IL-18 antibodies [15]  cartilage proteoglycan 
synthesis,  inflammation;

Collagen-induced arthritis IL-18BP; IL-18 [57];  
Ad-viral IL-18BP [93]

 clinical disease;  cytokines

Collagen-induced arthritis IL-18 deficient mice [56]  clinical disease;  cytokines

Graft versus host disease Anti-18 [63]  CD8+-mediated mortality

Lupus prone mice IL-18 vaccination [58]  mortality;  nephritis

Allergic airway 
hyperresponsiveness

IL-18 vaccination [94]  bronchocontriction

Experimental myasthenia 
gravis

Anti- IL-18 [95]  clinical disease

Autoimmune 
encephalomyelitis

Caspase-1 KO [96];  
caspase-1 inhibition [96]

 clinical disease;  IFN-

Con-A-induced hepatitis Anti-18 [97]; IL-18BP [26];  
IL-18BP-Tg [98]

 liver enzymes

Fas-mediated hepatic failure IL-18 deficient mice [99]; 
IL-18BP [26]

 liver necrosis

Pseudomonas exotoxin-A 
hepatitis

IL-18BP [26]  liver enzymes;  IFN-

IL-12-induced IFN- Anti-18 [100];  
caspase-1 KO [100]

 IFN-

Endotoxin-induced IFN- Anti-18 [1, 101];  
IL-18BP [18, 26];  
caspase-1 KO

 IFN-

LPS-induced hepatic 
necrosis

Anti-IL-18 monoclonal [1, 
101]; IL-18BP [26]

 necrosis;  TNF- ;  FasL

LPS-induced lung 
neutrophils

IL-18 [101]  survival;  myeloperoxidase
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Blocking IL-18 in disease models

As with any cytokine, the role of IL-18 in a particular disease process is best assessed 
employing specific neutralization of the cytokine in a complex disease model. 
Although mice deficient in IL-18 have been generated and tested for the develop-
ment of autoimmune diseases [57], any reduction in severity may be due to a reduc-
tion in the immune response such as to antigens or the sensitization processes 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 arthritis [58] 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 inde-
pendent of IFN- . IL-18 contributes to the lupus-like disease in mice [59] via IFN-
production. Caspase-1-deficient mice provide useful models for disease [6, 29] but 
here the effect may be on IL-1 , IL-18 or both.

Most investigations initially focused on IL-18 in Th1-mediated diseases in 
which IFN-  plays a prominent role. However, it soon became clear that block-
ing IL-18 resulted in reduction of disease severity in models where IFN-  has no 
significant role or in mice deficient in IFN- . For example, IL-18-mediated loss 
of cartilage synthesis in arthritis models is IFN-  independent [15]. Prevention 
of melanoma metastases is IL-18 dependent but IFN-  independent [16], and 
similar findings exist for ischemia-reperfusion injury in the heart, kidney and 

Table 1 (continued)

Disease model Intervention Outcome

Melanoma hepatic 
metastasis

IL-18BP [16, 102]  metastatic foci;  VCAM-1

Ischemia-induced hepatic 
failure

Anti-18 [103]  apoptosis;  NF- B

Ischemia-induced acute 
renal failure

Anti-IL-18 polyclonal [28]; 
caspase-1 KO [28]

 creatinine;  urea

Ischemic myocardial 
dysfunction

IL-18BP [27];  
caspase-1 inhibition [27]

 myocardial contractility

LPS-induced myocardial 
suppression

Anti-IL-18 polyclonal [77]  heart contractility;  IL-1

Atherosclerosis in ApoE KO 
mice

IL-18BP [82]  plaques;  infiltrates,  
vessel collagen

DSS, dextran sulphate sodium; ApoE, apolipoprotein E; KO, knockout
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liver. Table 1 lists various animal models of Th1-, Th2- as well as 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- . The effect of IL-12 is, in part, to increase the 
expression of IL-18Rs on T lymphocytes, thymocytes and NK cells [7, 60, 61]. It 
appears that the role of IL-18 in the polarization of the Th1 response is dependent 
on IFN-  and IL-12 receptor 2-chain expression. The production of IFN-  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-  in models of inflammation. Since IFN-  
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 due to IFN-  production. Dendritic cells 
deficient in the IFN-  transcription factor T-bet exhibit impaired IFN-  production 
after stimulation with IL-18 plus IL-12 [62]. IL-18 is constitutively present in mono-
cytes and monocyte-derived dendritic cells type 1 cells. Thus, IFN-  induced by the 
combination of IL-12 plus IL-18 appears to be via the T-bet transcription factor.

Graft versus host disease

IFN-  plays a major pathological role in this disease due to its Th1-inducing prop-
erties and the generation of cytotoxic T cells. Using a cohort of 157 patients who 
received unrelated donor bone marrow transplantation and developed graft versus 
host disease, a polymorphism in the IL-18 promoter (G137C, C607A, G656T) was 
identified and associated with statistically significant decreased risk death [63]. At 
100 days after the transplant, the mortality in patients with this polymorphism was 
23% compared to 48% in those patients without the polymorphism and after 1 year 
the mortality was 36% versus 65%, respectively. The probability of the survival was 
twofold in patients with this haplotype [63]. In the case of graft versus host disease 
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 transplantation. Administration of 
IL-18 to recipient mice increased survival in CD4+-mediated disease but resulted in 
worsening in the CD8+-mediated disease [64]. Neutralizing anti-IL-18 monoclonal 
antibodies significantly reduced CD8+-mediated mortality [64]. Administration of 
IL-18 reduces the severity of the disease by inducing the production of Th2 cytok-
ines [65].
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IL-18 and Th2 diseases

The combination of IL-18 plus IL-12 suppresses IgE synthesis via IFN-  production 
and suggests a role for IL-18 in Th2 polarization. For example, in models of allergic 
asthma, injecting both IL-12 plus IL-18 suppresses IgE synthesis, eosinophila and 
airway hyperresponsiveness (reviewed in [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 [66]. Overexpression of mature IL-18 in 
the skin results is worsening of allergic and non-allergic cutaneous inflammation via 
Th2 cytokines [67]. Mice overexpressing IL-18 or overexpressing caspase-1 develop an 
atopic-like dermatitis with mastocytosis and the presence of Th2 cytokines; also pres-
ent in these mice was elevated serum IgE [68]. Although IL-18 remains a Th1 cytokine, 
there are increasing reports showing a role for IL-18 in promoting Th2-mediated dis-
eases [69]. Upon neutralization of IL-18 in co-cultures of dendritic cells type 1 cells 
with allogeneic naive T lymphocytes, the Th1/Th2 phenotype was not affected, where-
as anti-IL-12 down-regulated the Th1 response [70]. In fact, IL-18Rs were expressed 
on dendritic cells of the type-2 lineage, suggesting a Th2 response [70].

IL-18-mediated islet injury

Insulin-producing islet -cells secrete IL-18 and supernatants from stimulated islets 
induce IFN-  in T cells in an IL-18-dependent manner [71]. Inside islets, however, 
the expression of IL-18R is limited to resident non- -cells [72]. Islet-derived IL-18 
can therefore function by engaging the IL-18R expressed on islet stromal cells, 
i.e., macrophages, T cells, fibroblasts and endothelial cells [71]. For this reason, 
the effects of -cell-derived IL-18 on -cell responses is observed in intact islets, or 
in islets surrounded by neighboring cells. Indeed, evidence suggests an association 
between local IL-18 levels and -cell damage. Islets isolated from the non-obese 
diabetic mouse strain exhibit IL-18 expression prior to T cell invasion [71] and 
exogenous administration of IL-18 worsens diabetes in these mice [73]. IL-18 also 
contributes to the injury of streptozotocin (STZ)-induced diabetes [74] and IL-18 
blockade with IL-18BP delays the development of diabetes in the non-obese diabetic 
mouse [75]. Similarly, mice deficient in IL-18 exhibit delayed STZ-induced hyperg-
lycemia [76]. In humans, the gene for IL-18 maps to an interval on chromosome 9, 
where a diabetes susceptibility locus, Idd2, resides [77].

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 
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force of the heart. It appears that the role of IL-18 in myocardial dysfunction is 
independent of IFN-  but likely related to the induction of Fas ligand. Human heart 
tissue contains preformed IL-18 in macrophages and endothelial cells [28]. Upon 
reducing IL-18 activity with either IL-18BP or a caspase-1 inhibitor, the functional 
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-1  levels were also reduced [78]. 
Using caspase-1-deficient mice subjected to ligation of the left anterior descending 
coronary artery as a model for myocardial infarction, significantly lower mortality 
was observed in the deficient mice compared to the wild-type mice [79]. Caspase-
1-deficient mice also had lower levels of IL-18, metalloproteinase-3 activity and 
myocyte apoptosis following the injury. In humans, myocardial tissue steady-state 
levels of IL-18, IL-18R  chain and IL-18BP mRNA and their respective protein 
levels were measured in patients with end-stage heart failure. Circulating plasma 
and myocardial tissue levels of IL-18 were increased in the patients compared to 
age-match healthy subjects [80]. 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 to levels in survivors [80].

There is increasing evidence that IL-18 contributes to atherosclerosis. Unlike 
the IFN- -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-  has been identified in the plaque and considered essential for the disease 
[81]. Human atherosclerotic plaques from the coronary arteries exhibit increased 
IL-18 and IL-18Rs compared to non-diseased segments of the same artery [82]. The 
post-caspase-1 cleavage IL-18 was found to co-localize with macrophages, whereas 
IL-18Rs were expressed on endothelial and smooth muscle cells. The localization of 
IL-18 and IL-18Rs in smooth muscle cells is an unexpected but important finding 
for the pathogenesis of atherosclerosis [81, 82].

Atherosclerotic arterial lesions with infiltrating, 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 exhibited a 
doubling of the lesion size without a change in serum cholesterol [81]. There was 
also a fourfold increase in infiltrating T cells. However, when apoE-deficient mice 
were backcrossed into IFN- -deficient mice, the IL-18-induced increase in lesion size 
was not observed [81]. 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 
assessment for a role for IL-18 in atherosclerosis. Using apoE-deficient mice and 
overexpression of IL-18BP by transfection with an IL-18BP-containing plasmid, 
reduced numbers of infiltrating macrophages and T cells as well as decreases in cell 
death, and lipid content of the plaques were found [83]. In addition, increases in 
smooth muscle cells and collagen content suggested a stable plaque phenotype with 
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prevention 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 isch-
emia for IL-18, which is independent of T cells and IFN- . Clinically, loss of renal 
function in patients with septic shock contributes significantly to mortality. IL-18 
was measured in patients with acute renal failure as well as patients with poor renal 
function. There was a remarkably higher level of urinary IL-18 compared to that 
seen in other renal diseases (p < 0.001) [84]. IL-18 was also elevated in the urine 
of patients with delayed function of cadaveric transplants [84]. The conclusions of 
the study were 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 crea-
tinine as a predictor of impending renal failure [85]. More impressively, based on 
IL-18 urine levels, it was possible to predict mortality in the ICU by 48 h, a time 
period nearly 2 days before other indicators of impending death. These findings in 
humans are consistent with animal studies. Using a reversible model of acute renal 
failure, mice deficient in caspase-1 were protected [29], 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]. No protection was afforded by administration of the IL-1 receptor antagonist 
and, therefore, the model reflects the role of IL-18 rather than IL-1  processing. 
Although the mechanism for the role of IL-18 in causing acute renal failure remains 
unclear, it is not related to a decrease in neutrophilic 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 under-
going 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 h following bypass 
surgery, whereas urine IL-18 was statistically significant increased 4–6 h after the 
end of surgery [86]. Peak levels of urinary IL-18 were 25-fold at 12 h or more after 
surgery and remained elevated for 48 h. 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 [86].
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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, and by 12 months, 38.1% 
heavier [87]. 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 
[87]. IL-6 levels were similar in the two groups. The islets of the IL-18-deficient 
mice exhibited normal architecture but were larger than those of wild-type mice. 
Histological examination of major organs did not reveal significant difference but 
the aorta of the IL-18-deficient mice contained lipid deposits characteristic of ath-
erosclerosis [87].

Mice deficient in IL-18 at 6 months of age exhibited elevated fasting glucose 
compared to wild-type controls, although at 3 months of age, there were no differ-
ences between the two groups. Glucose tolerance testing was abnormal in the IL-18-
deficient mice and consistent with insulin resistance. Mice deficient in the  chain of 
the IL-18R also exhibited similar increases in weight at 6 months as well as elevated 
plasma fasting glucose and insulin resistance. In addition, mice overexpressing the 
natural inhibitor of IL-18, IL-18BP, overate, gained weight and were hyperglycemic 
[87]. The administration of recombinant murine IL-18 to the IL-18-deficient mice 
reversed insulin resistance. 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-18R-deficient mice. Others have also reported obese mice lacking IL-IL-18 
but that that IL-18 controls energy homeostasis by suppressing appetite and feed 
efficiency [88].

The mechanism for the increased eating in mice deficient in IL-18, deficient in 
the IL-18R or in transgenic mice overexpressing the IL-18BP appears to be 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 obser-
vation that, unlike IL-1 , IL-18 does not cause fever [10, 89] and does not induce 
COX-2 [13]. Phosphorylation of STAT 3 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 phosphorylation [87]. Hepatic genes for glucose 
neogenesis were increased in mice deficient in IL-18 possibly due to the phosphory-
lation of STAT 3. In mice deficient for IL-18, there was less constitutive phosphory-
lation of STAT 3 in the liver. Since IL-18 is constitutively expressed in healthy mice 
and humans [90], the decrease in STAT 3 phosphorylation may be due to the lack of 
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IL-18 in these mice. These findings indicate a new role of IL-18 in the homeostasis 
of energy intake and insulin sensitivity.

Conclusions on the therapeutic targeting of IL-18

Exploiting discoveries such as IL-18 to improve the treatment of disease depends 
on the validity of preclinical research, the resources of the developer and the influ-
ence of market forces. There are no doubts in our opinion that IL-18 plays a role in 
several diseases but despite its use in murine models of tumors, the administration 
of IL-18 as a therapeutic in human cancer remains unlikely. The challenge for a 
cytokine like IL-18 is therefore which diseases to target and which agents are best 
to reduce IL-18 activities. One disease that may benefit blocking IL-18 is MAS. Cur-
rent treatment of life-threatening MAS is intravenous cyclosporine A, a nephrotoxic 
inhibitor of IFN-  and other T cell cytokines and high doses of corticosteroids. The 
role of IL-18 in IFN-  production and the role of IFN-  in macrophage activation 
are well established. The finding that patients with active MAS have high circulating 
levels of free IL-18 due to lower than expected levels of IL-18BP provides a rational 
basis for reducing IL-18 in MAS [91]. To prove this concept would require treating 
patients with progressive or established MAS with increasing doses of IL-18BP and 
monitoring ferritin levels as well as clinical responses. Because MAS can be a fatal 
disease, testing the concept requires no placebo arm and few patients. Outcomes of 
clinical improvements, a reduction in corticosteroids and weaning of cyclosporine 
A, would be sufficient for orphan drug status approval. Oral caspase-1 inhibitors 
also deserve testing in patients with MAS.

It is also our opinion that another acute and life-threatening disease can be 
subjected to a proof of concept, e.g., acute renal failure. Caspase-1 inhibitors 
would require intravenous administration rather than the oral route. However, 
preclinical testing in mice deficient in caspase-1 provides a rationale for the testing 
of caspase-1 inhibitors in patients at risk for acute renal failure. Since IL-18BP can 
be readily administered subcutaneously or intravenously, IL-18BP could be used in 
a trial and compared to a placebo arm. There may be reluctance to test a poten-
tially useful anti-cytokine in acute renal failure, since this disease is essentially the 
consequence of septic shock. The disappointing results of TNF and IL-1 blockers 
in sepsis trials may reduce enthusiasm for treating these patients. However, one 
important benefit for testing IL-18BP in preventing or reducing acute renal failure 
is the predictive value of urinary IL-18 levels. Since urinary IL-18 is elevated in 
patients at risk a full 48 h before the renal dysfunction becomes apparent [84], the 
design of a trial of IL-18BP infusion would be restricted to a subgroup of those 
patients. The clinical application of urinary IL-18 determinations as an entry crite-
rion is substantial due to its quantification compared to clinical scoring methods. 
A reduction in progression to renal failure compared to placebo-treated patients 
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would provide a basis for approval since preventing acute renal failure is an unmet 
medical need.

The third clinical setting for testing agents that reduce IL-18 activity is acute 
lupus nephritis and vasculitis. Here the role of IL-18 in the production of IFN-  may 
be of paramount importance. Animal models of lupus indicate a pathological role 
for IL-18 in the kidney. However, the effect of IL-18 on the vasculature may also 
be part of the lupus vasculitis. Some early trials have blocked TNF-  in acute lupus 
nephritis using monoclonal anti-TNF-  antibodies. In this case, these antibodies 
reduce both TNF-  and IFN- . Taken together, these preclinical observations pro-
vide a rationale for an intervention study in lupus nephritis. Testing the concept with 
oral caspase-1 inhibitors or IL-18BP administered subcutaneously asks whether the 
vessel wall inflammation can be reduced over that presently achieved by heparin, 
corticosteroids and aspirin.

Acknowledgements

These studies are supported by Supported by NIH Grants AI-15614 and HL-68743 
and the Colorado Cancer Center.

References

1 Okamura H, Tsutsui H, Komatsu T, Yutsudo M, Hakura A, Tanimoto T, Torigoe K, 
Okura T, Nukada Y, Hattori K et al (1995) Cloning of a new cytokine that induces 
interferon- . Nature 378: 88–91

2 Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, Zurawski G, 
Moshrefi M, Qin J, Li X et al (2005) IL-33, an interleukin-1-like cytokine that signals 
via the IL-1 receptor-related protein ST2 and induces T helper type 2-associated cytok-
ines. Immunity 23: 479–490

3 Ghayur T, Banerjee S, Hugunin M, Butler D, Herzog L, Carter A, Quintal L, Sekut L, 
Talanian R, Paskind M et al (1997) Caspase-1 processes IFN-gamma-inducing factor 
and regulates LPS-induced IFN-gamma production. Nature 386: 619–623

4 Gu Y, Kuida K, Tsutsui H, Ku G, Hsiao K, Fleming MA, Hayashi N, Higashino K, Oka-
mura H, Nakanishi K et al (1997) Activation of interferon-  inducing factor mediated 
by interleukin-1  converting enzyme. Science 275: 206–209

5 Mariathasan S, Newton K, Monack DM, Vucic D, French DM, Lee WP, Roose-Girma 
M, Erickson S, Dixit VM (2004) Differential activation of the inflammasome by cas-
pase-1 adaptors ASC and Ipaf. Nature 430: 213–218

6 Fantuzzi G, Puren AJ, Harding MW, Livingston DJ, Dinarello CA (1998) IL-18 regula-
tion of IFN-  production and cell proliferation as revealed in interleukin-1  converting 
enzyme-deficient mice. Blood 91: 2118–2125



120

Charles A. Dinarello

7 Nakanishi K, Yoshimoto T, Tsutsui H, Okamura H (2001) Interleukin-18 is a unique 
cytokine that stimulates both Th1 and Th2 responses depending on its cytokine milieu. 
Cytokine Growth Factor Rev 12: 53–72

8 Siegmund B, Lehr HA, Fantuzzi G, Dinarello CA (2001) IL-1beta -converting enzyme 
(caspase-1) in intestinal inflammation. Proc Natl Acad Sci USA 98: 13249–13254

9 Siegmund B, Fantuzzi G, Rieder F, Gamboni-Robertson F, Lehr HA, Hartmann G, Din-
arello CA, Endres S, Eigler A (2001) Neutralization of interleukin-18 reduces severity in 
murine colitis and intestinal IFN-  and TNF-  production. Am J Physiol Regul Integr 
Comp Physiol 281: R1264–1273

10 Gatti S, Beck J, Fantuzzi G, Bartfai T, Dinarello CA (2002) Effect of interleukin-18 on 
mouse core body temperature. Am J Physiol Regul Integr Comp Physiol 282: R702–
709

11 Li S, Goorha S, Ballou LR, Blatteis CM (2003) Intracerebroventricular interleukin-6, 
macrophage inflammatory protein-1 beta and IL-18: Pyrogenic and PGE(2)-mediated? 
Brain Res 992: 76–84

12 Reznikov LL, Kim SH, Westcott JY, Frishman J, Fantuzzi G, Novick D, Rubinstein M, 
Dinarello CA (2000) IL-18 binding protein increases spontaneous and IL-1-induced 
prostaglandin production via inhibition of IFN-gamma. Proc Natl Acad Sci USA 97: 
2174–2179

13 Lee JK, Kim SH, Lewis EC, Azam T, Reznikov LL, Dinarello CA (2004) Differences in 
signaling pathways by IL-1beta and IL-18. Proc Natl Acad Sci USA 101: 8815–8820

14 Kim SH, Han SY, Azam T, Yoon DY, Dinarello CA (2005) Interleukin-32: A cytokine 
and inducer of TNFalpha. Immunity 22: 131–142

15 Joosten LA, van De Loo FA, Lubberts E, Helsen MM, Netea MG, van Der Meer JW, 
Dinarello CA, van Den Berg WB (2000) An IFN-gamma-independent proinflammatory 
role of IL-18 in murine streptococcal cell wall arthritis. J Immunol 165: 6553–6558

16 Carrascal MT, Mendoza L, Valcarcel M, Salado C, Egilegor E, Telleria N, Vidal-
Vanaclocha F, Dinarello CA (2003) Interleukin-18 binding protein reduces b16 mela-
noma hepatic metastasis by neutralizing adhesiveness and growth factors of sinusoidal 
endothelium. Cancer Res 63: 491–497

17 Randle JC, Harding MW, Ku G, Schonharting M, Kurrle R (2001) ICE/caspase-1 inhibi-
tors as novel anti-inflammatory drugs. Expert Opin Investig Drugs 10: 1207–1209

18 Novick D, Kim S-H, Fantuzzi G, Reznikov L, Dinarello CA, Rubinstein M (1999) Inter-
leukin-18 binding protein: A novel modulator of the Th1 cytokine response. Immunity 
10: 127–136

19 Novick D, Schwartsburd B, Pinkus R, Suissa D, Belzer I, Sthoeger Z, Keane WF, 
Chvatchko Y, Kim SH, Fantuzzi G et al (2001) A novel IL-18BP ELISA shows elevated 
serum il-18BP in sepsis and extensive decrease of free IL-18. Cytokine 14: 334–342

20 Kim S-H, Eisenstein M, Reznikov L, Fantuzzi G, Novick D, Rubinstein M, Dinarello CA 
(2000) Structural requirements of six naturally occurring isoforms of the interleukin-18 
binding protein to inhibit interleukin-18. Proc Natl Acad Sci USA 97: 1190–1195

21 Tak PP, Bacchi M, Bertolino M (2006) Pharmacokinetics of IL-18 binding protein in 



121

Role of IL-18 in inflammatory diseases

healthy volunteers and subjects with rheumatoid arthritis or plaque psoriasis. Eur J 
Drug Metab Pharmacokinetics 31: 109–116

22 Agostini L, Martinon F, Burns K, McDermott MF, Hawkins PN, Tschopp J (2004) 
NALP3 forms an IL-1  processing inflammasome with increased activity in Muckle-
Wells auto-inflammatory disorder. Immunity 20: 319–325

23 Aganna E, Martinon F, Hawkins PN, Ross JB, Swan DC, Booth DR, Lachmann HJ, 
Bybee A, Gaudet R, Woo P et al (2002) Association of mutations in the NALP3/CIAS1/
PYPAF1 gene with a broad phenotype including recurrent fever, cold sensitivity, sen-
sorineural deafness, and AA amyloidosis. Arthritis Rheum 46: 2445–2452

24 Hawkins PN, Lachmann HJ, Aganna E, McDermott MF (2004) Spectrum of clinical 
features in Muckle-Wells syndrome and response to anakinra. Arthritis Rheum 50: 
607–612

25 Coeshott C, Ohnemus C, Pilyavskaya A, Ross S, Wieczorek M, Kroona H, Leimer AH, 
Cheronis J (1999) Converting enzyme-independent release of TNF  and IL-1  from a 
stimulated human monocytic cell line in the presence of activated neutrophils or purified 
proteinase-3. Proc Natl Acad Sci USA 96: 6261–6266

26 Sugawara S, Uehara A, Nochi T, Yamaguchi T, Ueda H, Sugiyama A, Hanzawa K, 
Kumagai K, Okamura H, Takada H (2001) Neutrophil proteinase 3-mediated induction 
of bioactive IL-18 secretion by human oral epithelial cells. J Immunol 167: 6568–6575

27 Faggioni R, Cattley RC, Guo J, Flores S, Brown H, Qi M, Yin S, Hill D, Scully S, Chen 
C et al (2001) IL-18-binding protein protects against lipopolysaccharide-induced lethal-
ity and prevents the development of Fas/Fas ligand-mediated models of liver disease in 
mice. J Immunol 167: 5913–5920

28 Pomerantz BJ, Reznikov LL, Harken AH, Dinarello CA (2001) Inhibition of caspase 1 
reduces human myocardial ischemic dysfunction via inhibition of IL-18 and IL-1beta. 
Proc Natl Acad Sci USA 98: 2871–2876

29 Melnikov VY, Ecder T, Fantuzzi G, Siegmund B, Lucia MS, Dinarello CA, Schrier RW, 
Edelstein CL (2001) Impaired IL-18 processing protects caspase-1–deficient mice from 
ischemic acute renal failure. J Clin Invest 107: 1145–1152

30 Perregaux DG, McNiff P, Laliberte R, Conklyn M, Gabel CA (2000) ATP acts as an 
agonist to promote stimulus-induced secretion of IL-1 beta and IL-18 in human blood. 
J Immunol 165: 4615–4623

31 Solle M, Labasi J, Perregaux DG, Stam E, Petrushova N, Koller BH, Griffiths RJ, Gabel 
CA (2001) Altered cytokine production in mice lacking P2X(7) receptors. J Biol Chem 
276: 125–132

32 Laliberte RE, Eggler J, Gabel CA (1999) ATP treatment of human monocytes promotes 
caspase-1 maturation and externalization. J Biol Chem 274: 36944–36951

33 Baraldi PG, del Carmen Nunez M, Morelli A, Falzoni S, Di Virgilio F, Romagnoli R 
(2003) Synthesis and biological activity of N-arylpiperazine-modified analogues of 
KN-62, a potent antagonist of the purinergic P2X7 receptor. J Med Chem 46: 1318–
1329

34 Gardella S, Andrei C, Costigliolo S, Poggi A, Zocchi MR, Rubartelli A (1999) Inter-



122

Charles A. Dinarello

leukin-18 synthesis and secretion by dendritic cells are modulated by interaction with 
antigen-specific T cells. J Leukoc Biol 66: 237–241

35 Gardella S, Andrei C, Poggi A, Zocchi MR, Rubartelli A (2000) Control of interleu-
kin-18 secretion by dendritic cells: Role of calcium influxes. FEBS Lett 481: 245–248

36 Kato Z, Jee J, Shikano H, Mishima M, Ohki I, Ohnishi H, Li A, Hashimoto K, Matsu-
kuma E, Omoya K et al (2003) The structure and binding mode of interleukin-18. Nat 
Struct Biol 10: 966–971

37 Azam T, Novick D, Bufler P, Yoon DY, Rubinstein M, Dinarello CA, Kim SH (2003) 
Identification of a critical Ig-like domain in IL-18 receptor alpha and characterization 
of a functional IL-18 receptor complex. J Immunol 171: 6574–6580

38 Casadio R, Frigimelica E, Bossu P, Neumann D, Martin MU, Tagliabue A, Boraschi D 
(2001) Model of interaction of the IL-1 receptor accessory protein IL-1RAcP with the 
IL-1beta/IL-1R(I) complex. FEBS Lett 499: 65–68

39 Reznikov LL, Kim SH, Zhou L, Bufler P, Goncharov I, Tsang M, Dinarello CA (2002) 
The combination of soluble IL-18R  and IL-18R  chains inhibits IL-18-induced IFN- . 
J Interferon Cytokine Res 22: 593–601

40 Kumar S, McDonnell PC, Lehr R, Tierney L, Tzimas MN, Griswold DE, Capper EA, 
Tal-Singer R, Wells GI, Doyle ML et al (2000) Identification and initial characterization 
of four novel members of the interleukin-1 family. J Biol Chem 275: 10308–10314

41 Pan G, Risser P, Mao W, Baldwin DT, Zhong AW, Filvaroff E, Yansura D, Lewis L, 
Eigenbrot C, Henzel WJ et al (2001) IL-1H, an interleukin 1-related protein that binds 
IL-18 receptor/IL-1Rrp. Cytokine 13: 1–7

42 Kumar S, Hanning CR, Brigham-Burke MR, Rieman DJ, Lehr R, Khandekar S, Kirk-
patrick RB, Scott GF, Lee JC, Lynch FJ et al (2002) Interleukin-1F7B (IL-1H4/IL-1F7) 
is processed by caspase-1 and mature IL-1F7B binds to the IL-18 receptor but does not 
induce IFN-gamma production. Cytokine 18: 61–71

43 Bufler P, Azam T, Gamboni-Robertson F, Reznikov LL, Kumar S, Dinarello CA, Kim SH 
(2002) A complex of the IL-1 homologue IL-1F7b and IL-18–binding protein reduces 
IL-18 activity. Proc Natl Acad Sci USA 99: 13723–13728

44 Novick D, Engelmann H, Wallach D, Leitner O, Revel M, Rubinstein M (1990) Puri-
fication of soluble cytokine receptors from normal human urine by ligand-affinity and 
immunoaffinity chromatography. J Chromatogr 510: 331–337

45 Engelmann H, Novick D, Wallach D (1990) Two tumor necrosis factor-binding proteins 
purified from human urine. Evidence for immunological cross-reactivity with cell sur-
face tumor necrosis factor receptors. J Biol Chem 265: 1531–1536

46 Kim SH, Azam T, Novick D, Yoon DY, Reznikov LL, Bufler P, Rubinstein M, Dinarello 
CA (2002) Identification of amino acid residues critical for biological activity in human 
interleukin-18. J Biol Chem 277: 10998–11003

47 Dinarello CA (2005) The many worlds of reducing interleukin-1. Arthritis Rheum 52: 
1960–1967

48 Hurgin V, Novick D, Rubinstein M (2002) The promoter of IL-18 binding protein: 



123

Role of IL-18 in inflammatory diseases

Activation by an IFN-gamma-induced complex of IFN regulatory factor 1 and CCAAT/
enhancer binding protein beta. Proc Natl Acad Sci USA 99: 16957–16962

49 Paulukat J, Bosmann M, Nold M, Garkisch S, Kampfer H, Frank S, Raedle J, Zeuzem 
S, Pfeilschifter J, Muhl H (2001) Expression and release of IL-18 binding protein in 
response to IFN . J Immunol 167: 7038–7043

50 Fantuzzi G, Reed D, Qi M, Scully S, Dinarello CA, Senaldi G (2001) Role of interferon 
regulatory factor-1 in the regulation of IL-18 production and activity. Eur J Immunol 
31: 369–375

51 Siegmund B, Sennello JA, Lehr HA, Senaldi G, Dinarello CA, Fantuzzi G (2004) 
Interferon regulatory factor-1 as a protective gene in intestinal inflammation: Role 
of TCR gamma delta T cells and interleukin-18-binding protein. Eur J Immunol 34: 
2356–2364

52 Xiang Y, Moss B (2001) Correspondence of the functional epitopes of poxvirus and 
human interleukin-18–binding proteins. J Virol 75: 9947–9954

53 Xiang Y, Moss B (2001) Determination of the functional epitopes of human interleukin-
18–binding protein by site-directed mutagenesis. J Biol Chem 276: 17380–17386

54 Maeno N, Takei S, Imanaka H, Yamamoto K, Kuriwaki K, Kawano Y, Oda H (2004) 
Increased interleukin-18 expression in bone marrow of a patient with systemic juve-
nile idiopathic arthritis and unrecognized macrophage-activation syndrome. Arthritis 
Rheum 50: 1935–1938

55 Dinarello CA (2005) Differences between anti-tumor necrosis factor-alpha monoclonal 
antibodies and soluble TNF receptors in host defense impairment. J Rheumatol Suppl 
74: 40–47

56 Ottenhoff TH, Verreck FA, Lichtenauer-Kaligis EG, Hoeve MA, Sanal O, van Dissel JT 
(2002) Genetics, cytokines and human infectious disease: Lessons from weakly patho-
genic mycobacteria and salmonellae. Nat Genet 32: 97–105

57 Wei XQ, Leung BP, Arthur HM, McInnes IB, Liew FY (2001) Reduced incidence and 
severity of collagen-induced arthritis in mice lacking IL-18. J Immunol 166: 517–521

58 Plater-Zyberk C, Joosten LA, Helsen MM, Sattonnet-Roche P, Siegfried C, Alouani S, 
van De Loo FA, Graber P, Aloni S, Cirillo R et al (2001) Therapeutic effect of neutral-
izing endogenous IL-18 activity in the collagen-induced model of arthritis. J Clin Invest 
108: 1825–1832

59 Bossu P, Neumann D, Del Giudice E, Ciaramella A, Gloaguen I, Fantuzzi G, Dinarello 
CA, Di Carlo E, Musiani P, Meroni PL et al (2003) IL-18 cDNA vaccination protects 
mice from spontaneous lupus-like autoimmune disease. Proc Natl Acad Sci USA 100: 
14181–14186

60 Kim SH, Reznikov LL, Stuyt RJ, Selzman CH, Fantuzzi G, Hoshino T, Young HA, 
Dinarello CA (2001) Functional reconstitution and regulation of IL-18 activity by the 
IL-18R beta chain. J Immunol 166: 148–154

61 Neumann D, Martin MU (2001) Interleukin-12 upregulates the IL-18R  chain in 
BALB/c thymocytes. J Interferon Cytokine Res 21: 635–642

62 Lugo-Villarino G, Maldonado-Lopez R, Possemato R, Penaranda C, Glimcher LH 



124

Charles A. Dinarello

(2003) T-bet is required for optimal production of IFN-gamma and antigen-specific T 
cell activation by dendritic cells. Proc Natl Acad Sci USA 100: 7749–7754

63 Cardoso SM, DeFor TE, Tilley LA, Bidwell JL, Weisdorf DJ, MacMillan ML (2004) 
Patient interleukin-18 GCG haplotype associates with improved survival and decreased 
transplant-related mortality after unrelated-donor bone marrow transplantation. Br J 
Haematol 126: 704–710

64 Min CK, Maeda Y, Lowler K, Liu C, Clouthier S, Lofthus D, Weisiger E, Ferrara JL, 
Reddy P (2004) Paradoxical effects of interleukin-18 on the severity of acute graft-
versus-host disease mediated by CD4+ and CD8+ T-cell subsets after experimental allo-
geneic bone marrow transplantation. Blood 104: 3393–3399

65 Reddy P, Ferrara JL (2003) Role of interleukin-18 in acute graft-vs-host disease. J Lab 
Clin Med 141: 365–371

66 Hoshino T, Yagita H, Ortaldo JR, Wiltrout RH, Young HA (2000) In vivo adminis-
tration of IL-18 can induce IgE production through Th2 cytokine induction and up-
regulation of CD40 ligand (CD154) expression on CD4+ T cells. Eur J Immunol 30: 
1998–2006

67 Kawase Y, Hoshino T, Yokota K, Kuzuhara A, Kirii Y, Nishiwaki E, Maeda Y, Takeda 
J, Okamoto M, Kato S et al (2003) Exacerbated and prolonged allergic and non-allergic 
inflammatory cutaneous reaction in mice with targeted interleukin-18 expression in the 
skin. J Invest Dermatol 121: 502–509

68 Konishi H, Tsutsui H, Murakami T, Yumikura-Futatsugi S, Yamanaka K, Tanaka M, 
Iwakura Y, Suzuki N, Takeda K, Akira S et al (2002) IL-18 contributes to the sponta-
neous development of atopic dermatitis-like inflammatory skin lesion independently of 
IgE/stat6 under specific pathogen-free conditions. Proc Natl Acad Sci USA 99: 11340–
11345

69 Nakanishi K, Yoshimoto T, Tsutsui H, Okamura H (2001) Interleukin-18 regulates both 
Th1 and Th2 responses. Ann Rev Immunol 19: 423–474

70 Kaser A, Kaser S, Kaneider NC, Enrich B, Wiedermann CJ, Tilg H (2004) Interleukin-18 
attracts plasmacytoid dendritic cells (DC2s) and promotes Th1 induction by DC2s 
through IL-18 receptor expression. Blood 103: 648–655

71 Frigerio S, Hollander GA, Zumsteg U (2002) Functional IL-18 Is produced by primary 
pancreatic mouse islets and NIT-1 beta cells and participates in the progression towards 
destructive insulitis. Horm Res 57: 94–104

72 Hong TP, Andersen NA, Nielsen K, Karlsen AE, Fantuzzi G, Eizirik DL, Dinarello CA, 
Mandrup-Poulsen T (2000) Interleukin-18 mRNA, but not interleukin-18 receptor 
mRNA, is constitutively expressed in islet beta-cells and up-regulated by interferon-
gamma. Eur Cytokine Netw 11: 193–205

73 Oikawa Y, Shimada A, Kasuga A, Morimoto J, Osaki T, Tahara H, Miyazaki T, Tashiro 
F, Yamato E, Miyazaki J et al (2003) Systemic administration of IL-18 promotes diabetes 
development in young nonobese diabetic mice. J Immunol 171: 5865–5875

74 Nicoletti F, Di Marco R, Papaccio G, Conget I, Gomis R, Bernardini R, Sims JE, Shoe-
nfeld Y, Bendtzen K (2003) Essential pathogenic role of endogenous IL-18 in murine 



125

Role of IL-18 in inflammatory diseases

diabetes induced by multiple low doses of streptozotocin. Prevention of hyperglycemia 
and insulitis by a recombinant IL-18–binding protein: Fc construct. Eur J Immunol 33: 
2278–2286

75 Zaccone P, Phillips J, Conget I, Cooke A, Nicoletti F (2005) IL-18 binding protein fusion 
construct delays the development of diabetes in adoptive transfer and cyclophosph-
amide-induced diabetes in NOD mouse. Clin Immunol 115: 74–79

76 Lukic ML, Mensah-Brown E, Wei X, Shahin A, Liew FY (2003) Lack of the mediators 
of innate immunity attenuate the development of autoimmune diabetes in mice. J Auto-
immun 21: 239–246

77 Sarvetnick N (1997) IFN-gamma, IGIF, and IDDM. J Clin Invest 99: 371–372
78 Raeburn CD, Dinarello CA, Zimmerman MA, Calkins CM, Pomerantz BJ, McIntyre 

RC Jr, Harken AH, Meng X (2002) Neutralization of IL-18 attenuates lipopolysaccha-
ride-induced myocardial dysfunction. Am J Physiol 283: H650–657

79 Friteau L, Francesconi E, Lando D, Dugas B, Damais C (1988) Opposite effect of 
interferon-  on PGE2 release from interleukin-1-stimulated human monocytes or fibro-
blasts. Biochem Biophys Res Commun 157: 1197–1204

80 Mallat Z, Heymes C, Corbaz A, Logeart D, Alouani S, Cohen-Solal A, Seidler T, Hasen-
fuss G, Chvatchko Y, Shah AM et al (2004) Evidence for altered interleukin 18 (IL)-18 
pathway in human heart failure. FASEB J 18: 1752–1754

81 Whitman SC, Ravisankar P, Daugherty A (2002) Interleukin-18 enhances atheroscle-
rosis in apolipoprotein E(–/–) mice through release of interferon-gamma. Circ Res 90: 
E34–38

82 Gerdes N, Sukhova GK, Libby P, Reynolds RS, Young JL, Schonbeck U (2002) Expres-
sion of interleukin (IL)-18 and functional IL-18 receptor on human vascular endothelial 
cells, smooth muscle cells, and macrophages: Implications for atherogenesis. J Exp Med 
195: 245–257

83 Mallat Z, Corbaz A, Scoazec A, Graber P, Alouani S, Esposito B, Humbert Y, Chvatchko 
Y, Tedgui A (2001) Interleukin-18/interleukin-18 binding protein signaling modulates 
atherosclerotic lesion development and stability. Circ Res 89: E41–45

84 Parikh CR, Jani A, Melnikov VY, Faubel S, Edelstein CL (2004) Urinary interleukin-18 
is a marker of human acute tubular necrosis. Am J Kidney Dis 43: 405–414

85 Parikh CR, Abraham E, Ancukiewicz M, Edelstein CL (2005) Urine IL-18 is an early 
diagnostic marker for acute kidney injury and predicts mortality in the ICU. J Am Soc 
Nephrol 16: 3046–3052

86 Parikh CR, Mishra J, Thiessen-Philbrook H, Dursun B, Ma Q, Kelly C, Dent C, Devara-
jan P, Edelstein CL (2006) Urinary IL-18 is an early predictive biomarker of acute kidney 
injury after cardiac surgery. Kidney Int 70: 199–203

87 Netea MG, Joosten LA, Lewis E, Jensen DR, Voshol PJ, Kullberg BJ, Tack CJ, van 
Krieken H, Kim SH, Stalenhoef AF et al (2006) Deficiency of interleukin-18 in mice 
leads to hyperphagia, obesity and insulin resistance. Nat Med 12: 650–656

88  Zorrilla EP, Sanchez-Alavez M, Sugama S, Brennan M, Fernandez R, Bartfai T, Conti 



126

Charles A. Dinarello

B (2007) Interleukin-18 controls energy homeostasis by suppressing appetite and feed 
efficiency. Proc Natl Acad Sci USA 104: 11097–11102

89 Stuyt RJ, Netea MG, Verschueren I, Dinarello CA, Kullberg BJ, van der Meer JW 
(2005) Interleukin-18 does not modulate the acute-phase response. J Endotoxin Res 11: 
85–88

90 Puren AJ, Fantuzzi G, Dinarello CA (1999) Gene expression, synthesis and secretion 
of IL-1  and IL-18 are differentially regulated in human blood mononuclear cells and 
mouse spleen cells. Proc Natl Acad Sci USA 96: 2256–2261

91 Mazodier K, Marin V, Novick D, Farnarier C, Robitail S, Schleinitz N, Veit V, Paul P, 
Rubinstein M, Dinarello CA et al (2005) Severe imbalance of IL-18/IL-18BP in patients 
with secondary hemophagocytic syndrome. Blood 106: 3483–3489

92 Sivakumar PV, Westrich GM, Kanaly S, Garka K, Born TL, Derry JM, Viney JL (2002) 
Interleukin 18 is a primary mediator of the inflammation associated with dextran sul-
phate sodium induced colitis: Blocking interleukin 18 attenuates intestinal damage. Gut 
50: 812–820

93 Ten Hove T, Corbaz A, Amitai H, Aloni S, Belzer I, Graber P, Drillenburg P, van Deven-
ter SJ, Chvatchko Y, Te Velde AA (2001) Blockade of endogenous IL-18 ameliorates 
TNBS-induced colitis by decreasing local TNF-alpha production in mice. Gastroenterol-
ogy 121: 1372–1379

94 Wirtz S, Becker C, Blumberg R, Galle PR, Neurath MF (2002) Treatment of T cell-
dependent experimental colitis in SCID mice by local administration of an adenovirus 
expressing IL-18 antisense mRNA. J Immunol 168: 411–420

95 Smeets RL, van de Loo FA, Arntz OJ, Bennink MB, Joosten LA, van den Berg WB 
(2003) Adenoviral delivery of IL-18 binding protein C ameliorates collagen-induced 
arthritis in mice. Gene Ther 10: 1004–1011

96 Maecker HT, Hansen G, Walter DM, DeKruyff RH, Levy S, Umetsu DT (2001) Vaccina-
tion with allergen-IL-18 fusion DNA protects against, and reverses established, airway 
hyperreactivity in a murine asthma model. J Immunol 166: 959–965

97 Im SH, Barchan D, Maiti PK, Raveh L, Souroujon MC, Fuchs S (2001) Suppression of 
experimental myasthenia gravis, a B cell-mediated autoimmune disease, by blockade of 
IL-18. FASEB J 15: 2140–2148

98 Furlan R, Martino G, Galbiati F, Poliani PL, Smiroldo S, Bergami A, Desina G, Comi 
G, Flavell R, Su MS et al (1999) Caspase-1 regulates the inflammatory process leading 
to autoimmune demyelination. J Immunol 163: 2403–2409

99 Faggioni R, Jones-Carson J, Reed DA, Dinarello CA, Feingold KR, Grunfeld C, Fan-
tuzzi G (2000) Leptin-deficient (ob/ob) mice are protected from T cell-mediated hepa-
totoxicity: Role of tumor necrosis factor alpha and IL-18. Proc Natl Acad Sci USA 97: 
2367–2372

100 Fantuzzi G, Banda NK, Guthridge C, Vondracek A, Kim SH, Siegmund B, Azam T, 
Sennello JA, Dinarello CA, Arend WP (2003) Generation and characterization of mice 
transgenic for human IL-18-binding protein isoform a. J Leukoc Biol 74: 889–896

101 Tsutsui H, Kayagaki N, Kuida K, Nakano H, Hayashi N, Takeda K, Matsui K, Kashi-



127

Role of IL-18 in inflammatory diseases

wamura S, Hada T, Akira S et al (1999) Caspase-1-independent, Fas/Fas ligand-medi-
ated IL-18 secretion from macrophages causes acute liver injury in mice. Immunity 11: 
359–367

102 Fantuzzi G, Reed DA, Dinarello CA (1999) IL-12-induced IFN  is dependent on cas-
pase-1 processing of the IL-18 precursor. J Clin Invest 104: 761–767

103 Netea MG, Fantuzzi G, Kullberg BJ, Stuyt RJ, Pulido EJ, McIntyre RC Jr, Joosten LA, 
Van der Meer JW, Dinarello CA (2000) Neutralization of IL-18 reduces neutrophil tissue 
accumulation and protects mice against lethal Escherichia coli and Salmonella typhimu-
rium endotoxemia. J Immunol 164: 2644–2649

104 Vidal-Vanaclocha F, Fantuzzi G, Mendoza L, Fuentes AM, Anasagasti MJ, Martin J, 
Carrascal T, Walsh P, Reznikov LL, Kim SH et al (2000) IL-18 regulates IL-1beta-
dependent hepatic melanoma metastasis via vascular cell adhesion molecule-1. Proc 
Natl Acad Sci USA 97: 734–739

105 Takeuchi D, Yoshidome H, Kato A, Ito H, Kimura F, Shimizu H, Ohtsuka M, Morita 
Y, Miyazaki M (2004) Interleukin 18 causes hepatic ischemia/reperfusion injury by sup-
pressing anti-inflammatory cytokine expression in mice. Hepatology 39: 699–710



129
New Therapeutic Targets in Rheumatoid Arthritis, edited by Paul-Peter Tak
© 2009 Birkhäuser Verlag Basel/Switzerland

Chemokines and chemokine receptors

Zoltán Szekanecz1 and Alisa E. Koch2,3

1Department of Rheumatology, Institute of Medicine, University of Debrecen Medical and 
Health Science Center, Debrecen, 4004, Hungary 
2Veterans’ Administration, Ann Arbor Healthcare System, Ann Arbor, MI, USA 
3University of Michigan Health System, Department of Internal Medicine, Division of Rheu-
matology, Ann Arbor, MI, USA

Abstract

There is a structural and a functional classification 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 and homeostatic chemokines has been introduced. However, numerous 
effects of these chemokines overlap. For example, numerous homeostatic chemokines, which are 
involved in lymphocyte recruitment and lymphoid tissue organization, may also play a role in B cell 
migration underlying germinal center formation within the inflamed synovium. Anti-chemokine 
and anti-chemokine receptor targeting may be therapeutically used in 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 antago-
nists will be administered to arthritis patients in the near future. Hopefully, some of these potential 
treatment modalities will be used to control inflammation, prevent joint destruction and thus will 
benefit our patients.

Introduction

Chemokines are mediators exerting chemotactic activity towards leukocytes under 
inflammatory conditions, such as rheumatoid arthritis (RA). Target cells express 
chemokine receptors. There are two major classification systems, a structural and a 
functional one. Chemokines have been classified into four supergene families with 
respect to their structure depending on the position of cysteine (C) residues (for 
reviews see [1–11]). Chemokines have also been functionally categorized as being 
homeostatic or inflammatory. Homeostatic chemokines are constitutively expressed 
on cells and are involved in housekeeping functions including the organization of 
lymphoid structures. In contrast, inflammatory chemokines are inducible upon 
cytokine activation and are mostly involved in cell recruitment during inflamma-
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tion. These functions often overlap: for example, as described below, some homeo-
static chemokines have been implicated in the pathogenesis of RA. Many of these 
chemokines are also angiogenic or angiostatic (for reviews see [5, 12, 13]).

First we give a brief overview of the chemokine and chemokine receptor fami-
lies. The inflammatory, angiogenic/angiostatic and homeostatic chemokines and 
chemokine receptors that are involved in the pathogenesis of RA and thus may 
become targets for anti-chemokine therapy are discussed in more detail. We also 
summarize recent targeting data obtained in RA trials and in animal models of 
arthritis. It is very likely that several anti-chemokine and anti-chemokine receptor 
trials will be conducted in RA during the next decade.

Chemokines in RA

In RA, chemokines drive inflammatory leukocytes into the inflamed synovial tissue 
(ST) (for reviews see [1–8, 14, 15]). As mentioned above, chemokines have been 
classified into four distinct supergene families designated as CXC, CC, C and CX3C 
chemokines (Tab. 1). The respective receptor types of these chemokine subsets are 
CXCR, CCR, CR and CX3CR [1–3, 6–8, 16] (Tab. 1). There are about 50 known 
chemokines and 19 chemokine receptors (for reviews see [1–9]) (Tab. 1). There are 
two nomenclatures for chemokines: apart from their unique classical name (see 
later) they are also considered as chemokine ligands and they have been assigned 
a designation of CXCL(1–16), CCL(1–28), XCL(1, 2) or CX3CL1 (1, 4, 8, 16) 
(Tab. 1). In this review, both designations are used.

CXC chemokines

Most CXC chemokines implicated in RA chemoattract neutrophils, however, 
platelet factor 4 (PF4)/CXCL4 and interferon-  (IFN- )-inducible 10-kDa protein 
(IP-10)/CXCL10 rather drive mononuclear cells into the synovium [7, 8]. CXC 
chemokines exert several other actions during inflammation: they may stimulate 
leukocyte adhesion and integrin expression, cytoskeletal reorganization, neutrophil 
degranulation, respiratory burst and phagocytosis, as well as the production of 
proteolytic enzymes, prostanoids and platelet-activating factor (for reviews see [7]). 
In addition, some CXC chemokines induce, while others, suppress synovial angio-
genesis [3, 17]. In general, CXC chemokines containing the ELR amino acid residue, 
such as interleukin-8 (IL-8)/CXCL8, epithelial-neutrophil activating protein-78 
(ENA-78)/CXCL5, growth-regulated oncogene  (gro )/CXCL1, and connective 
tissue activating peptide-III (CTAP-III)/CXCL7 stimulate neovascularization. ELR– 
chemokines, such as PF4/CXCL4, IP-10/CXCL10 and monokine induced by IFN-
(Mig)/CXCL9 are angiostatic [3, 17].
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Among CXC chemokines, IL-8/CXCL8, ENA-78/CXCL5, gro /CXCL1, CTAP-
III/CXCL7, granulocyte chemotactic protein 2 (GCP-2)/CXCL6, IP-10/CXCL10, 
Mig/CXCL9, PF4/CXCL4, SDF-1/CXCL12, as well as, recently, B cell-activating 
chemokine 1 (BCA-1)/CXCL13 and CXCL16 have been implicated in RA [1–5, 
18–24].

Large amounts of IL-8/CXCL8 have been detected in the sera, synovial fluids 
(SF) and ST of RA patients [21, 25, 26]. Synovial macrophages constitutively express 
this chemokine, while proinflammatory cytokines, such as tumor necrosis factor-
(TNF- ) and IL-1, stimulate IL-8/CXCL8 production by fibroblasts [21, 27]. IL-8/

Table 1 - Chemokines and chemokine receptors implicated in rheumatoid arthritis.*

Chemokine receptor Chemokine ligand 

CXC chemokine receptors

CXCR1 IL-8/CXCL8, GCP-2/CXCL6

CXCR2 IL-8/CXCL8, ENA-78/CXCL5, gro /CXCL1, CTAP-III/CXCL7, 
GCP-2/CXCL6

CXCR3 IP-10/CXCL10, PF4/CXCL4, Mig/CXCL9

CXCR4 (fusin) SDF-1/CXCL12

CXCR5 BCA-1/CXCL13

CXCR6 CXCL16

C-C chemokine receptors

CCR1 MIP-1 /CCL3, RANTES/CCL5, MCP-3/CCL7, HCC-1/CCL14, 
HCC-2/CCL15, HCC-4/CCL16

CCR2 MCP-1/CCL2, MCP-3/CCL7, HCC-4/CCL16

CCR3 RANTES/CCL5, MCP-2/CCL8, MCP-3/CCL7, HCC-2/CCL15

CCR4 TARC/CCL17, CKLF1

CCR5 MIP-1 /CCL3, RANTES/CCL5, MCP-2/CCL8, HCC-1/CCL14

CCR6 MIP-3 /CCL20

CCR7 SLC/CCL21

C chemokine receptors

XCR1 Lymphotactin/XCL1

C-X3-C chemokine receptors

CX3CR1 Fractalkine/CX3CL1

Other

DARC Duffy antigen, some CC and CXC chemokines

*See text for abbreviations.
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CXCL8 exerts proinflammatory and angiogenic effects [28]. Vascular endothelial 
cells (EC) express CXCR2, a receptor for the ELR+, angiogenic IL-8/CXCL8 [29].

ENA-78/CXCL5, similar to IL-8/CXCL8, is chemotactic for neutrophils and, 
being ELR+, stimulates angiogenesis [7, 17, 26]. Abundant ENA-78/CXCL5 has 
been detected in RA SF and ST [20]. Pro-inflammatory cytokines further augment 
the release of this chemokine [20]. Macrophages, fibroblasts and EC express ENA-
78/CXCL5 [20].

gro /CXCL1, a neutrophil chemoattractant, has been detected in the SF and ST 
of RA patients [18, 27]. TNF-  or IL-1 stimulate the production of this chemokine 
[18, 27]. Synovial macrophages and fibroblasts express gro /CXCL1 [18].

The platelet-derived CTAP-III/CXCL7 has been detected in RA sera and ST [30]. 
This chemokine stimulates fibroblast proliferation of ST fibroblasts, proteoglycan 
synthesis and synovial fibrosis [30]. CTAP-III/CXCL7 also induces angiogenesis [1, 
30].

GCP-2/CXCL6 expression is up-regulated on RA fibroblasts via Toll-like recep-
tor 2 (TLR2) signaling [31]. There is abundant production of this chemokine in RA 
[31].

IP-10/CXCL10, Mig/CXCL9 and PF4/CXCL4 exert proinflammatory, but anti-
angiogenic effects in RA [1, 17, 32–34]. These chemokines have been detected in the 
sera, SF and ST of RA patients [32–34]. RA fibroblasts and macrophages express 
these chemokines [32, 33]. The ELR-lacking IP-10/CXCL10, Mig/CXCL9 and PF4/
CXCL4 suppress synovial neovascularization [17, 32, 34].

SDF-1/CXCL12 has unique properties in comparison to the CXC chemokines 
described above. First, while many of the other chemokines have common receptors, 
SDF-1/CXCL12 is a specific ligand for CXCR4. Moreover, this otherwise homeo-
static chemokine has been implicated in T, B cell, and monocyte, rather than neu-
trophil, recruitment into the ST [22, 35]. Increased plasma levels of SDF-1/CXCL12 
have been detected in RA patients in comparison to controls [36]. Finally, although 
this chemokine lacks the ELR motif, it is still angiogenic [37]. SDF-1/CXCL12 is 
also involved in cell adhesion. This chemokine is expressed by synovial EC and 
induces integrin-mediated adhesion of T cells [22], and binds to surface proteogly-
cans on EC [38]. Furthermore, direct cellular contact between T cells and fibroblasts 
induces SDF-1/CXCL12 production by the latter cells [39]. SDF/CXCL12 has been 
associated with osteoclastogenesis, bone resorption and thus increased radiographic 
progression in RA [40, 41].

The crucial role of B cells in the pathogenesis of RA has been acknowledged, and 
B cell targeting using rituximab has become a part of biological therapy in RA, as 
well as in lymphomas [12, 13, 42]. Some homeostatic chemokines involved in B cell 
migration and lymphoid tissue organization may also play a role in the pathogenesis 
of RA. B cell-activating chemokine-1 (BCA-1)/CXCL13 is the specific ligand for 
CXCR5 [9]. BCA-1/CXCL13 is a homeostatic chemokine involved in the migration 
of B cells and a subset of T cells, as well as in the formation of germinal centers 
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[1, 9, 10]. However, this chemokine is also expressed on follicular dendritic cells, 
as well as EC and fibroblasts in the RA ST [43]. Thus, BCA-1/CXCL13 has been 
implicated in inflammatory lymphoid tissue organization and aggregate formation 
in the RA ST [43].

CXCL16, the single specific ligand for CXCR6, may also be considered a 
homeostatic chemokine as it mediates lymphocyte recruitment to lymph nodes. 
Large amounts of CXCL16 were detected in RA SF and ST [23, 24]. Synovial 
macrophages and fibroblasts release this chemokine [23, 24]. CXCL16 recruits 
mononuclear cells to the RA ST [23]. CXCL16-mediated cell recruitment to the ST 
is dependent upon the MAP kinase pathway [23].

CC chemokines

CC chemokines contain adjacent CC residues and they stimulate monocyte chemot-
axis. However, some CC chemokines also recruit lymphocytes [1, 2, 6, 8].

Among CC chemokines, monocyte chemoattractant protein-1 (MCP-1)/CCL2, 
macrophage inflammatory protein 1  (MIP-1 )/CCL3, MIP-3 /CCL20, ‘regulated 
upon activation, normal T cell expressed and secreted’ (RANTES)/CCL5, Epstein-
Barr virus-induced gene 1 ligand chemokine (ELC)/CCL19, secondary lymphoid 
tissue chemokine (SLC)/CCL21 and, recently, chemokine-like factor 1 (CKLF1) 
have been implicated in inflammatory mechanisms underlying RA [1–4, 43, 44]. 
According to one recent study, MCP-2/CCL8, MCP-3/CCL7, hemofiltrate CC 
chemokine-1 (HCC-1)/CCL14, HCC-2/CCL15 and HCC-4/CCL16 may also be 
involved in RA [45].

MCP-1/CCL2 chemoattracts monocytes, T and natural killer (NK) cells [6, 46, 
47]. Large amounts of this chemokine have been detected in RA sera, SF and ST 
[27, 46, 47]. Synovial macrophages and fibroblasts express MCP-1/CCL2 [27, 46, 
47]. TNF- , IL-1 and TLR2 ligands further stimulate the release of MCP-1/CCL2 
by fibroblasts [27, 47].

MIP-1 /CCL3 chemoattracts monocytes, T, B and NK cells [2, 6]. This 
chemokine has been detected in SF and ST of RA patients [27, 48]. Synovial mac-
rophages and fibroblasts produce MIP-1 /CCL3 [27, 48]. The release of MIP-1 /
CCL3 is further augmented by proinflammatory cytokines [48].

MIP-3 /CCL20, the specific ligand for CCR6, is chemotactic for mononuclear 
cells, as well as immature dendritic cells [1, 49]. Abundant MIP-3 /CCL20 has been 
detected in RA SF and ST [49]. Synovial mononuclear cells and fibroblasts express 
this chemokine [49]. In a recent study, MIP-3 /CCL2 induced both osteoblast pro-
liferation and osteoclast differentiation. An increased expression of this chemokine 
was detected in the subchondral bone tissue of RA patients. MIP-3 /CCL20 may 
act in concert with the RANKL system and may lead to uncoupling between new 
bone formation and bone resorption in RA [50].
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RANTES/CCL5 exerts chemotactic activity towards monocytes, T and NK cells 
[6, 51]. RANTES/CCL5 has been detected in RA sera, SF and ST [32, 51]. Synovial 
T cells, macrophages and fibroblasts produce this chemokine [51, 52]. TNF-  and 
IL-1 augments RANTES/CCL5 production by fibroblasts [52]. A distinct polymor-
phism in the RANTES promoter gene has been associated with susceptibility to RA 
in Chinese patients [53].

ELC/CCL19 is homeostatic; however, it acts similarly to SDF-1/CXCL12 and 
BCA-1/CXCL13 in RA. ELC/CCL19 has been detected in RA ST [54].

SLC/CCL21 is another homeostatic chemokine. The production of this 
chemokine has been associated with the formation of lymphoid aggregates and 
germinal center-like structures in the RA ST [43].

Thymus and activation regulated chemokine (TARC)/CCL17 is a homeostatic 
chemokine also implicated in T cell recruitment into the ST. High levels of this 
chemokine have been detected in RA [55].

Pulmonary and activation regulated chemokine (PARC)/CCL18 is a chemokine 
with mostly homeostatic properties. High levels of this chemokine were detected in 
RA sera and SF. PARC/CCL18 is expressed in the RA ST, as well as in RA articular 
cartilage. Serum levels of PARC/CCL18 have been correlated with rheumatoid fac-
tor production [56, 57]. IL-4, IL-10, IL-13 and RA SF synergistically induce PARC/
CCL18 production by monocytes [57].

In one study, MCP-2/CCL8, MCP-3/CCL7, HCC-1/CCL14, HCC-2/CCL15 
and HCC-4/CCL16 were detected in the RA ST. Among these chemokines, HCC-2/
CCL15 showed an increased expression in RA compared to osteoarthritic ST [45]. 
The function of these chemokines in RA needs to be confirmed by further studies.

CKLF1 is a unique cytokine chemotactic for various leukocytes. CKLF1 is a 
functional ligand of CCR4. Its expression is up-regulated on activated CD4+ and 
CD8+ T cells, but not on B cells in RA [44].

C and CX3C chemokines

Members of these two chemokine subsets exert a special position of C residues [2, 
58]. The C family contains two members, lymphotactin/XCL1 and single C motif 1  
(SCM-1 )/XCL2. The CX3C subset contains a single member, fractalkine/CX3CL1 
[2, 3, 58, 59].

Lymphotactin/XCL1 is primarily involved in T cell migration to inflammatory 
sites [1, 60]. This chemokine has been detected on CD8+ and CD4+/CD28– T cells 
in RA [60]. Lymphotactin/XCL1 augments T cell ingress into the RA joint [60].

Fractalkine/CX3CL1 is chemotactic for mononuclear cells and also mediates cell 
adhesion [58, 61]. This chemokine has been detected in RA SF and ST [61, 62]. 
Synovial macrophages, fibroblasts, EC and dendritic cells produce this chemokine 
in RA [61, 62]. Fractalkine/CX3CL1 also enhances the adhesion of CD4+ T cells to 
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fibroblasts [62]. Increased serum levels of fractalkine/CX3CL1 have been associated 
with disease activity in rheumatoid vasculitis [63]. Fractalkine/CX3CL1 has been 
implicated in angiogenesis and accelerated atherosclerosis associated with RA [64, 
65]. A single nucleotide polymorphism (SNP) in the CX3CR1 gene has been associ-
ated with reduced cardiovascular risk [64].

Chemokine receptors in RA

Chemokines are recognized by seven-transmembrane domain receptors expressed 
on the target cells [8]. There is a redundancy between CXC and CC chemokine 
receptors and their ligands (Tab. 1). Some receptors, such as CXCR2, CCR1 or 
CCR3 have numerous chemokine ligands, while CXCR4, CXCR5, CXCR6, CCR8 
or CCR9 are specific receptors for one single ligand [1, 2, 8].

There may be a relationship between a certain chemokine receptor and the 
function of its ligand(s). For example, CXCR2, a receptor recognizing most ELR+ 
CXC chemokines, plays a crucial role in inflammation and angiogenesis. In con-
trast, CXCR3 is a receptor for most ELR–, angiostatic CXC chemokines [1, 2, 8, 
17] (Tab. 1). Chemokine receptors have also been associated with various types of 
inflammation. For example, RA, which is considered a Th1-type disease, is associ-
ated with CXCR3 and CCR5, while asthma, a known Th2-type disease, is rather 
associated with CCR3, CCR4 and CCR8 [8, 61, 66, 67].

Among CXC chemokine receptors, CXCR1 and CXCR2 are receptors for the 
most important proinflammatory and pro-angiogenic CXC chemokines described 
above [1, 2] (Tab. 1). Both CXCR1 and CXCR2 are expressed on RA synovial 
macrophages and neutrophils, as well as articular chondrocytes [1, 2]. CXCR2, 
a receptor for most ELR+ chemokines, is expressed by EC, and plays a role in 
chemokine-induced angiogenesis [29]. CXCR3 may be the most important recep-
tor in leukocyte homing into the RA ST. CXCR3 is expressed in T cell rich areas 
of RA ST [61, 66, 68]. CXCR3 is also expressed on RA ST EC and dendritic cells 
[68]. 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 [22]. CXCR5 is 
expressed by T cells, B cells, macrophages and EC in the RA ST [69]. CXCR6, the 
specific receptor for CXCL16, is expressed by one half of RA SF lymphocytes [23]. 
As described above, CXCR4, CXCR5 and CXCR6 bind their respective homeostat-
ic chemokine ligands, SDF-1/CXCL12, BCA-1/CXCL13 and CXCL16. Thus, these 
CXC chemokine receptors may play an important role in lymphocyte recruitment 
under both homeostatic and inflammatory conditions [1, 5, 9, 22–24].

Among CC chemokine receptors, CCR1 is abundantly expressed in the RA ST 
[45, 70]. CCR5 show strong expression on RA ST T cells and fibroblasts [45, 61, 
66]. CCR5, as well as CCR1, CCR2 and CCR3 are also expressed by articular 
chondrocytes [71]. CCR4 and CCR5 expressed on lymphocytes are crucial for leu-
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kocyte ingress into the RA joint [72]. There is an increasing body of evidence for the 
role of the truncated 32-CCR5 non-functional receptor allele in RA. This polymor-
phism of CCR5 may be protective against the development of RA [73]. CCR6, the 
single receptor for MIP-3 /CCL20 has been detected on RA ST leukocytes [49]. A 
putative chemokine receptor, CCR-like receptor 2 (CCRL2) has been identified on 
RA SF neutrophils and macrophages [74].

Regarding the C and CX3C chemokine receptors, XCR1 is expressed on RA ST 
lymphocytes, macrophages and fibroblasts [1, 2]. CX3CR1 has been detected on 
macrophages and dendritic cells in the RA ST [59].

The receptor for the Duffy blood group antigen, DARC, also recognizes some 
CXC and CC chemokines (Tab. 1) [75]. DARC is expressed on RA ST EC [75].

Inflammatory and homeostatic chemokines in RA

As several functions of the chemokines described above may overlap in RA, it is 
highly debatable whether such functional classification is really justified. However, 
some of these mediators are primarily involved in the effector functions underlying 
inflammation, while others may also play a role in lymphoid tissue reorganization 
in the synovium (for reviews see [1–4, 43, 44]).

Most CXC and CC chemokines, as well as all C and CX3C chemokines implicated 
in the pathogenesis of RA are definitely inflammatory chemokines [9]. As described 
above, the CXC chemokines IL-8/CXCL8, ENA-78/CXCL5, gro /CXCL1, CTAP-
III/CXCL7, IP-10/CXCL10, Mig/CXCL9, PF4/CXCL4, GCP-2/CXCL6, SDF-1/
CXCL12, BCA-1/CXCL13 and CXCL16, the CC chemokines MCP-1/CCL2, MIP-
1 /CCL3, MIP-3 /CCL20, RANTES/CCL5, ELC/CCL19 and SLC/CCL21, as well 
as lymphotactin/XCL1 and fractalkine/CX3CL1 have been implicated in leukocyte 
recruitment underlying inflammatory synovitis (for reviews see [1–4, 43, 44]) 
(Tab. 1). Accordingly, CXCR1-6, CCR1-6, as well as XCR1 and CX3CR1, receptors 
that mostly recognize inflammatory chemokine ligands, have also been implicated in 
RA (for reviews see [1–4]). In addition, as discussed above, numerous inflammatory 
CXC chemokines are also angiogenic in RA (for reviews see [1–4]).

Homeostatic chemokines are constitutively produced in discrete microenviron-
ments of lymphoid or non-lymphoid tissues. These chemokines are involved in the 
physiological traffic of cells into tissues during the immune surveillance [9, 10]. 
However, as discussed above, some data suggest that, among these homeostatic 
chemokines, SDF-1/CXCL12, BCA-1/CXCL13, CXCL16, TARC/CCL17, PARC/
CCL18, ELC/CCL19, SLC/CCL21 and maybe others are also involved in RA-
associated inflammatory cell recruitment [1, 19, 22-24, 37, 43, 54]. The synovium, 
in many ways, is similar to the skin- and mucosa-associated lymphoid tissues, 
which may explain the involvement of classical homeostatic chemokines in synovial 
inflammation [9, 10, 43].
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Recent advances in the regulation of chemokine production

As described above, chemokine secretion and chemokine receptor expression may 
be regulated by other inflammatory mediators, such as pro-inflammatory cytokines 
[1–4, 11].

Autoimmunity and immune complexes may also trigger chemokine production. 
In a recent study, immune complexes containing antibodies to type II collagen from 
arthritis patients induced IL-8/CXCR8 release by monocytes via an Fc  receptor 
IIA-dependent mechanism [76].

Increased chemokine production may be associated with the production of 
autoantibodies in RA. Patients with RA were identified from a population of blood 
donors. Analysis of serum samples antedated the onset of RA by a median of 3 years. 
Serum MCP-1/CCL2 levels were increased in IgM rheumatoid factor (RF)- and anti-
cyclic citrullinated peptide (anti-CCP)-positive subjects, as well as in patients later 
developing RA. Thus, increased chemokine secretion, in association with IgM RF 
and anti-CCP production, may precede the onset of RA by years [77].

Intercellular adhesion itself may also promote chemokine release from cells. For 
example, cellular contact between T cells and fibroblasts induces SDF-1/CXCL12 
production by the fibroblasts [39].

Targeting of chemokines and chemokine receptors

Chemokines and chemokine receptors may be targeted by nonspecific strategies and 
by specific approaches. Until now, there have been few human RA trials, therefore 
most available data have been obtained in animal models of arthritis (for reviews 
see [1–4, 11]) (Tab. 2).

Nonspecific blockade of chemokine production and chemokine receptor 
expression

Corticosteroids, such as dexamethasone, effectively suppressed IL-8/CXCL8 and 
MCP-1/CCL2 production in RA [78]. Among non-steroidal anti-inflammatory 
drugs (NSAID), diclofenac and meloxicam attenuated IL-8/CXCL8 production in 
rat antigen-induced arthritis (AgIA) [79].

Among disease-modifying antirheumatic drugs (DMARD), sulfasalazine inhib-
ited the release of IL-8/CXCL8, gro /CXCL1 and MCP-1/CCL2 by cultured RA 
ST explants [80]. A combination treatment of RA patients with methotrexate 
and leflunomide decreased MCP-1/CCL2 expression in the ST. Suppression of 
chemokine release was associated with some clinical improvement [81]. Metho-
trexate also decreased CCR2 expression on peripheral blood monocytes obtained 
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Table 2 - Chemokine and chemokine receptor targeting strategies in RA.*

Compound Chemokine/chemokine 
receptor 

Animal (A)/
Human (H) 

study**

Reference(s)

Nonspecific blockade

Dexamethasone IL-8/CXCL8, MCP-1/CCL2 H [78]

NSAIDs IL-8/CXCL8 A [79]

Sulfasalazine IL-8/CXCL8, gro /CXCL1, 
MCP-1/CCL2

H [80]

Methotrexate CCR2 H [82]

Methotrexate + leflunomide MCP-1/CCL2 H [81]

Infliximab IL-8/CXCL8, RANTES/CCL5, 
MCP-1/CCL2, gro /CXCL1, 
CXCL16

H [83–86, 90]

Etanercept CXCR3 H [88]

Antioxidants IL-8/CXCL8, MCP-1/CCL2 H [91]

Simvastatin IL-8/CXCL8 H [92]

Triptolide MCP-1/CCL2, RANTES/CCL5 A [93]

Epigallocatechin-3-gallate ENA-78/CXCL5, gro /CXCL1, 
RANTES/CCL5

H [94]

COX/LOX inhibitor 
(ML3000)

Míg/CXCL9, IP-10/CXCL10, 
I-TAC/CXCL11

H [95]

PPAR  agonists MCP-1/CCL2 H [96]

Specific blockade

Anti-ENA-78/CXCL5 ENA-78/CXCL5 A [98]

Anti-gro  /CXCL1 gro  /CXCL1 A [99]

Anti-IP-10/CXCL10 IP-10/CXCL10 A [100]

PF4/CXCL4 peptide PF4/CXCL4 A [19]

Anti-CXCL16 CXCL16 A [24]

Anti-IL-8/CXCL8 IL-8/CXCL8 A [97]

Anti-MIP-1 /CCL3 MIP-1 /CCL3 A [99]

Anti-MCP-1/CCL2 MCP-1/CCL2 A [102, 104, 
105]

Anti-RANTES/CCL5 RANTES/CCL5 A [106]

KE-298 MCP-1/CCL2 + RANTES/CCL5 A [107]

ABN912 MCP-10/CCL2 H [108]
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from RA patients. Decrease in cell surface CCR2 density was associated with lower 
disease activity [82].

Among anti-TNF-  agents, infliximab inhibited the expression of IL-8/CXCL8, 
RANTES/CCL5 and MCP-1/CCL2 in RA sera and ST [83, 84]. Infliximab also 
suppressed serum levels of gro /CXCL1 and CXCL16 in RA [85, 86]. In another 
study, infliximab reduced the expression of CCR3 and CCR5 on RA T cells [87]. 
Treatment of RA patients with infliximab or etanercept resulted in the clearance 
of CXCR3+ T cells from the ST [88]. Anti-TNF therapy also attenuated CXCL16 
expression on synovial macrophages [89]. Chemokine inhibition may also have 
relevance for safety of anti-TNF therapy as infliximab reduced the secretion of 
IL-8/CXCL8, MIP-1 /CCL3 and MCP-1/CCL2 in response to mycobacteria. These 
results suggest that the increased incidence of tuberculosis in infliximab-treated RA 
patients may be related, in part, to the inhibition of TNF-dependent chemokine 
gradients and abnormal leukocyte migration [90].

Table 2 (continued)

Compound Chemokine/chemokine 
receptor 

Animal (A)/
Human (H) 

study**

Reference(s)

Antibody Fractalkine/CX3CL1 A [109]

Combined blockade Various chemokines together A [111–113]

CXCR2 antagonist CXCR2 A [114]

DF2162 CXCR1 + CXCR2 A [115]

TAK-779 CXCR3 + CCR5 A [117]

AMD3100 CXCR4 A [118]

FC131, other T140 
analogues

CXCR4 A [118, 119]

J-113863 CCR1 A [125]

CP-481,715 CCR1 H [121, 122, 
132]

MetRANTES CCR1 + CCR5 A [126, 127]

CCR5 antagonist CCR5 A [128]

Anti-CCR2 antibodies CCR2 A [123, 129]

MLN1202 CCR2 H [133]

Maraviroc CCR5 H [134]

*See text for abbreviations.
**Human studies include both in vitro studies with isolated cells or histological samples, as 
well as in vivo studies.



140

Zoltán Szekanecz and Alisa E. Koch

Some antioxidants, such as N-acetyl-L-cysteine and 2-oxothiazolidine-4-car-
boxylate, inhibited the expression of IL-8/CXCL8 and MCP-1/CCL2 mRNA by 
cytokine-treated isolated human synovial fibroblasts [91]. Statins may exert anti-
inflammatory effects. In a recent study, simvastatin inhibited the release of IL-8/
CXCL8 by TNF- -stimulated synovial fibroblasts obtained from RA patients [92]. 
Triptolide, a diterpenoid triepoxide with potent anti-inflammatory effects, inhibited 
MCP-1/CCL2, MIP-1 /CCL3 and RANTES/CCL5 protein production and mRNA 
expression in the rat adjuvant-induced arthritis (AIA) model [93]. Epigallocatechin-
3-gallate (EGCG), a potent anti-inflammatory compound derived from green tea, 
suppressed IL-1-induced ENA-78/CXCL5, gro /CXCL1 and RANTES/CCL5 pro-
duction by RA ST fibroblasts [94]. A dual cyclooxygenase-lipoxygenase (COX/LOX) 
inhibitor, ML3000, inhibited Mig/CXCL9, IP-10/CXCL10 and I-TAC/CXCL11 
expression on RA synovial fibroblasts [95]. Activation of peroxisome proliferator-
activated receptor  (PPAR ) suppresses MCP-1/CCL2 expression in monocytes [96]. 
Thus, PPAR  agonists, such as glitazones, may inhibit chemokine production.

Specific targeting of chemokines

Regarding CXC chemokines, neutralizing antibodies to IL-8/CXCL8 prevented 
arthritis in rabbits [97]. A neutralizing polyclonal anti-ENA-78/CXCL5 antibody 
was administered intravenously to rats using the AIA model. The antibody admin-
istered preventatively to the animals attenuated the severity of the disease; however, 
this antibody was ineffective when administered therapeutically [98]. The preventa-
tive administration of an anti-gro /CXCL1 antibody delayed the onset and severity 
of murine collagen-induced arthritis (CIA) [99]. Adoptive transfer of self-specific 
anti-IP-10/CXCL10 or rabbit anti-rat IP-10/CXCL10 antibodies resulted in the sup-
pression of rat AIA [100]. A bioactive synthetic peptide derived from PF4/CXCL4 
inhibited the development of murine CIA [19]. An anti-CXCL16 monoclonal anti-
body reduced the clinical arthritis score and suppressed joint destruction in murine 
CIA [24].

There has been one human trial using an anti-IL-8/CXCL8 antibody in RA, but 
results of this trial were not published and the further development of this antibody 
was terminated (for review see [1]). Yet, 10F8, a monoclonal antibody to IL-8 
reduced clinical activity in palmoplantar pustulosis [101], a chronic inflammatory 
disease that may be associated with various types of arthritis.

Passive immunization of mice with anti-MIP-1 /CCL3 decreased the severity 
of murine CIA [99]. MIP-1 /CCL3 gene-deficient mice exhibit a milder course of 
CIA [102]. A monoclonal antibody to MCP-1/CCL2 reduced ankle swelling and 
decreased the number of synovial macrophages in rat CIA [103]. 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 (SCW) antigen-induced arthritis 
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[104]. A peptide inhibitor of MCP-1/CCL2 suppressed the development of arthritis 
in MRL-lpr mice [105]. An antibody to RANTES/CCL5 attenuated murine CIA 
[106]. KE-298 inhibited both MCP-1/CCL2 and RANTES/CCL5 production, as 
well as the severity of rat AIA [107].

Regarding human trials targeting CC chemokines, a randomized, controlled trial 
has recently been conducted using ABN912, a monoclonal antibody to MCP-1/
CCL2. In this study, 33 patients received the active compound, and 12 received 
placebo. Serial arthroscopic biopsies were performed. ABN912 treatment was well 
tolerated, but there was no detectable clinical benefit or significant change in ST 
biomarkers. In addition, there was a dose-related, 2000-fold increase in serum 
MCP-1/CCL2 levels [108].

Regarding other chemokines, an antibody to fractalkine/CX3CL1 decreased 
clinical severity and joint destruction in murine CIA [105].

Viral gene transfer may also be used to target chemokines. A 35-kDa soluble 
protein (35k) derived from vaccinia virus inactivates numerous CC chemokines. A 
recombinant adenovirus containing 35k reduced migration of CCR5-transfected 
cells in response to RANTES/CCL5. This vector also suppressed CCR5-dependent 
chemotaxis of murine macrophages [110].

Combined chemokine blockade has been used in some recent studies. A combi-
nation of MCP-1/CCL2 and gro /CXCL1 inhibition resulted in a greater extent of 
arthritis suppression than MCP-1/CCL2 blockade alone in murine AIA [111]. Rat 
AIA was suppressed by DNA vaccination using a combination of chemokine DNA 
vaccines to MCP-1/CCL2, MIP-1 /CCL3 and RANTES/CCL5 [112]. In the rabbit 
endotoxin-induced arthritis model, the combination of anti-IL-8/CXCL8 and anti-
gro /CXCL1 antibodies resulted in a more pronounced inhibition of knee arthritis 
than did any of the two antibodies alone [113]. Certainly, an increased toxicity using 
combined strategies may be an important issue during future human trials [1].

Selective inhibition of chemokine receptors

A nonpeptide oral antagonist of the CXCR2 receptor inhibited IL-8/CXCL-induced 
arthritis in rabbits [114]. DF2162, an allosteric CXCR1/CXCR2 inhibitor dimin-
ished murine and rat arthritis [115]. CXCR2 gene-deficient mice exerted attenuated 
severity of Lyme arthritis in comparison to wild-type animals [116]. TAK-779, a 
common inhibitor of CXCR3 and CCR5 suppressed the binding of these receptors 
to their respective chemokine ligands, as well as chemokine-induced integrin activa-
tion [117]. AMD3100, a CXCR4 antagonist, inhibited CIA in IFN- -deficient mice 
[118]. Analogs of the 14-mer peptide T140, acting as CXCR4 inhibitors, amelio-
rated murine CIA [119]. Other low molecular weight CXCR4 antagonists, such as 
FC131, have been developed by exploratory structural tuning of cyclic polypeptide 
scaffolds [119].
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Numerous CCR1 and CCR2 antagonists have been developed and preclinical 
studies with chemokine receptor-deficient mice have been initiated during the last 
decade [120–125]. J-113863, a small molecule CCR1 antagonist improved paw 
inflammation and joint destruction in murine CIA [125]. Preventatively or thera-
peutically administered Met-RANTES, a CCR1/CCR5 antagonist, inhibited murine 
CIA and rat AIA. Met-RANTES also suppressed CCR1 and CCR5 expression in 
the joint [126, 127]. A nonpeptide CCR5 antagonist preventatively inhibited mouse 
CIA [128]. Some anti-chemokine receptor effects may be dose-dependent. For 
example, while low doses of the MC-21 anti-CCR2 monoclonal antibody markedly 
improved murine CIA, high doses of this antibody rather had pro-inflammatory 
effects [129].

Studies with gene-deficient versus antagonist-treated animals resulted in 
somewhat conflicting results. For example, while a non-peptide CCR1 antago-
nist improved murine CIA, CCR1-deficient mice produced more TNF-  than 
controls [125]. In one study, CCR5–/– mice developed CIA to the same extent as 
wild-type animals [130]. However, in another study, CCR5 gene-deficient animals 
exerted a significant reduction in the incidence of CIA, which was associated 
with an increased IL-10 production by spleen cells [131]. Similar controversy was 
observed when comparing results obtained using anti-CCR2 antibodies or CCR2 
gene-deficient animals. Anti-CCR2 antibody administered during the initiation 
of murine CIA markedly improved the clinical symptoms, while blockade during 
the later stages of the disease aggravated arthritis [123]. CCR2–/– mice developed 
more severe CIA than did wild-type controls [123, 124, 130]. These data suggest 
that data obtained from chemokine receptor antagonist studies in comparison to 
those obtained from studies using gene-deficient animals may not be comparable. 
Yet, CCR blockade using antibodies or synthetic inhibitors may be promising for 
future therapies.

Regarding the limited number of human RA trials with chemokine receptor 
antagonists, a CCR1 antagonist has been tried in a 2-week Phase Ib study. This 
inhibitor decreased the number of ST macrophages [122]. One-third of the patients 
also fulfilled the ACR20% criteria for clinical improvement [122]. CP-481,715, 
a selective CCR1 antagonist inhibited monocyte chemotactic activity present in 
human RA SF samples [121]. This compound has been evaluated in Phase I for 
pharmacokinetics and safety [132].

Some CCR2 inhibitors have also entered clinical trials [123]. In a recent Phase 
IIa clinical trial, MLN1202, a human CCR2 blocking antibody was administered 
to RA patients. Treatment with this blocking antibody reduced the levels of free 
CCR2 on CD14+ monocytes by 57–94% demonstrating the biological activity of 
this agent. However, no clinical improvement was observed, suggesting that CCR2 
blockade itself may not be sufficient to control synovitis in RA [133].

Among CCR5 inhibitors, maraviroc has been introduced to Phase II-III trials in 
HIV infection and AIDS, as well as to Phase II trial in RA [134].
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Conclusions

In this chapter, we have discussed the putative role of chemokines and their recep-
tors in RA. We also presented some examples for recent chemokine and chemokine 
receptor targeting strategies. There is a structural and a functional classification of 
chemokines. The former includes four groups: CXC, CC, C and CX3C chemok-
ines. Chemokines may also be distinguished as being inflammatory or homeostatic; 
however, some chemokines exert overlapping functions. Anti-chemokine and anti-
chemokine receptor targeting may be therapeutically used 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. Until 
now, most data in this field have been obtained from animal models of arthritis 
as only very few human RA trials have been completed. However, it is very likely 
that numerous specific chemokine and chemokine receptor antagonists will be 
developed, administered to RA patients and some caveats discussed above will be 
clarified in the near future.
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Abstract

Signaling pathways orchestrate the inflammatory response by regulating various cellular functions 
such as programmed cell death, cell differentiation and proliferation or secretion of signaling 
molecules. They are classically activated by ligand engagement of surface receptors but increas-
ing evidence suggests that intracellular proteins can also detect danger signals. Protection from 
pathogens, chemical or physical injury, or neoplasia relies on a tightly regulated activation of these 
mechanisms. The same signaling cascades sometimes escape from normal controls and increase the 
production of cytokines, proteases, growth factors and chemokines up to harmful levels, leading to 
an autodestructive process as seen in rheumatoid arthritis. Mapping the hierarchy of these path-
ways identifies which specific targets can be inhibited to safely reduce the levels of inflammatory 
molecules and reset the homeostasis of the organism.

Introduction

Intracellular signaling pathways provide cells with the ability to respond to extracel-
lular signals in their environment. Depending on the nature of the stimulus and the 
particular cell type involved, the signaling pathways regulate various cellular func-
tions such as programmed cell death, cell growth, differentiation and proliferation. 
Protection from pathogens, chemical or physical injury, or neoplasia also involves 
intracellular pathways that regulate the expression of cytokines, chemokines and 
other secreted or membrane-bound molecules that contribute to host defense. When 
signaling cascades escape from normal controls, they can lead to a pathological or 
destructive process as seen in diseases like systemic lupus erythematosus (SLE) or 
rheumatoid arthritis (RA).

Many extra- and intracellular mediators are released into the environment 
during inflammation. These molecules arise from endogenous sources (hormones, 
cytokines, free radicals, products of cell metabolism or apoptosis) or from exog-
enous microorganisms. The most common methods for activating intracellular sig-
naling cascades include ligand engagement of surface receptors, although increasing 
evidence suggests that intracellular receptors play a key role in detecting danger 
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signals. Other signal transduction pathways are activated by physical or chemical 
stressors, such as heat, ultraviolet radiation, or osmotic changes.

The complex signaling mechanisms involved in rheumatic diseases like RA 
converge on key pathways including the mitogen-activated protein kinase (MAPK) 
and nuclear factor- B (NF- B) pathways. In each case, transcription factors that 
control the production of cytokines, proteases, growth factors and chemokines are 
activated. Post-transcriptional and post-translational events further regulate media-
tor production. The careful study of these signal transduction steps can potentially 
identify novel therapeutic targets to interrupt uncontrolled host responses that dam-
age the host.

Upstream components of intracellular pathways in RA

The key cytokines interleukin-1 (IL-1) and tumor necrosis factor (TNF) are rapidly 
released by cells of the innate immune system as a first line of defense against exog-
enous pathogens. During chronic autoimmune diseases such as RA, cytokines orches-
trate tissue injury and are proposed to maintain an autoinflammatory loop. The clini-
cal success of biological agents in RA underlines the clinical importance of TNF and, 
to a lesser extent IL-1. However, the available anti-cytokine therapies induce a true 
remission in only a minority of patients, which is probably due to the redundancy of 
the signaling network in RA and the heterogeneous nature of the disease.

IL-1 signaling

The IL-1 family of cytokines comprises 11 different members as defined by amino 
acid sequence homologies. Several of these proteins are thought to play important 
roles in the pathology of RA, including IL-1 , IL-1  and IL-18 [1]. IL-1  needs 
cleavage of its pro-form by the cysteine protease caspase-1 to gain biological activ-
ity. In contrast, both pro- and mature IL-1  can induce cellular responses. In RA, 
monocytes/macrophages are the principal IL-1-producing cells. IL-1 stimulates the 
expression of multiple cytokines and inflammatory factors that drive extracellular 
matrix degradation.

Several animal models confirm the dominant role of IL-1 during joint inflam-
mation. IL-1-deficient mice are resistant to experimental arthritis [2]. Conversely, 
the absence of the natural IL-1 receptor antagonist (IL-1RA) exposes the animals 
to a spontaneous autoimmune syndrome that mainly targets the joints [3]. One 
agent that specifically blocks IL-1 signaling is a recombinant version of IL-1RA 
(anakinra) [4]. While randomized trials clearly prove modest benefit of this agent 
in RA, the overall clinical experience suggests that anakinra is less effective than 
TNF inhibitors. This contrasts with the remarkable effectiveness of anakinra in 
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the management of other systemic inflammatory disorders including systemic onset 
juvenile idiopathic arthritis or adult onset Still’s disease. Because Toll-like recep-
tors (TLR) and IL-1 share a signaling pathway through the myeloid differentiation 
primary response gene (MyD88) (see Fig. 1), the protective effect of blocking IL-1 
in animal models of RA can be overcome by small doses of TLR ligands [5]. Thus, 
the presence of alternative pathways to IL-1 signaling might explain the relative low 
potency of anakinra in RA, which has also been linked to pharmacological limits of 
the drug including a short half-life.

IL-1 is a potent inflammatory mediator. It is therefore not surprising that its 
activity and production are tightly regulated at many different steps including tran-
scriptional and translational control, processing of pro-IL-1 by the inflammasome 
(see below), a receptor antagonist (IL-1RA), a decoy receptor (IL-1RII), the IL-1 
receptor accessory protein (IL-1RAcP) and finally modulation of intracellular sig-

Figure 1
Signaling pathways for IL-1 and Toll-like receptors (TLRs). Activation of IL-1 receptors or 
TLRs, such as TLR4 by lipopolysaccharide, converge on MyD88 to activate NF- B and the 
mitogen-activated protein kinases (MAPKs) like p38 and JNK. These lead to transcription of 
genes involved in the inflammatory response. The inflammasome is also activated by envi-
ronmental danger signals, thereby activating IL-1 cleavage and NF- B.
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naling pathways. The IL-1R complex comprises IL-1RI and IL-1RAcP. The sole 
known function of IL-1RII is to quench the activity of IL-1 [6]. Both the membrane-
bound and the soluble form of IL-1RII are able to capture IL-1. The cytoplasmic 
tail of IL-1 RII lacks a TIR domain and cannot transduce intracellular signaling 
[7]. Moreover, IL-1RII can form a dominant negative complex with IL-1RAcP. IL-
1RA acts as a classical receptor antagonist because of its higher affinity for IL-1RI 
compared with IL-1 itself. Because IL-1RII binds IL-1RA much less efficiently than 
IL-1RI, the two anti-IL-1 molecules synergize.

The IL-1R–IL-1 complex is recognized by IL-1RAcP. The result of this associa-
tion is the formation of a heterodimeric transmembrane receptor complex where 
both IL-1R and IL-1RAcP are needed to initiate signal transduction. The close 
spatial association of IL-1R and IL-1RAcP in the complex presumably allows homo-
typic protein-protein interactions of their respective TIR domains. Conformational 
changes result that enable recruitment of the cytosolic TIR domain-containing adap-
tor protein MyD88. MyD88 then interacts with IL-1R-associated kinases (IRAKs), 
leading to the activation and ubiquitinylation of TNF receptor-associated factor 
6 (TRAF6). Downstream of TRAF6, TAK1, a mitogen-activated protein (MAP) 
3 kinase, activates the I B kinase (IKK) complex and thus NF- B, leading to the 
expression of inflammatory cytokine genes. In addition, TAK1 with other MAP3Ks 
launches MAPK activation, which further increase cytokine levels.

Endogenous regulatory molecules have been described along the IL-1R intracel-
lular pathway. MyD88s, a splice variant of MyD88, lacks the interaction domain 
involved in IRAK4 recruitment and acts as a natural dominant negative molecule 
that inhibits NF- B activation [8]. IRAK-M prevents the dissociation of IRAK1 and 
IRAK4 from MyD88 [9].

To minimize potential infectious side effects, small molecules that specifically 
target IL-1R signaling could be designed to leave other TLR responses needed for 
host defense intact. In RA, however, it might be desirable to block some of the 
other TLR pathways as well, since many might be involved in the pathogenesis of 
synovial inflammation (see below). Direct targeting of most signaling components 
downstream of IL-1R will affect other TLRs because they share common kinases 
and adaptors (except TLR3, which does not use MyD88). Another strategy relies on 
disrupting TIR-TIR domain homotypic contacts. The interaction between MyD88 
and IL-1RI can be disrupted by a small molecule [10]. This compound showed 
no inhibitory effect on the association of TLR4 with Myd88 and was thus able to 
interfere with IL-1 signaling but left LPS responses intact.

TNF

In RA, the efficacy of TNF inhibitors currently approved for clinical use correlates 
with animal models proving TNF as a major regulator of joint inflammation and 
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destruction [11]. TNF is the prototype of a superfamily of ligands with a common 
trimeric structure, which is their biologically active form, either as a membrane-
anchored protein or in their soluble form [12]. TNF cytokine family members 
interact with a group of cognate receptors (TNFR) and most ligands interact with 
more than one receptor. TNFR1 and TNFR2 both interact with the homotrimers of 
lymphotoxin-  (LT- ) and TNF. Signal transmission by TNF is initiated by ligand-
induced clustering of receptors. TNF has various and opposing functions depending 
on the cellular context, such as apoptosis, differentiation, proliferation or expres-
sion of inflammatory genes through the activation of pathways involving NF- B 
and MAPK.

None of the receptors of the mammalian TNF superfamily has intrinsic enzymatic 
activity. A basic framework has been assembled to account for the seeming ambiva-
lence of activation by which TNFR can assemble signaling complexes for both the 
caspase-8 apoptotic and the NF- B anti-apoptotic pathways (see Fig. 2). TNFR1 

Figure 2
Signaling pathways for TNF. The TNF receptor assembles a signaling complex that can 
activate the MAPKs, NF- B, and caspases. This process can induce transcription of pro-
inflammatory genes and influence cell survival.
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couples to the apoptotic cascade by recruiting the adaptors TRADD (TNFR-associ-
ated death domain) and FADD (Fas-associated death domain). TNFR1 and TNFR2 
can also engages TNFR-associated factors (TRAFs) to couple to NF- B activation, 
both a regulator of apoptosis and a major inducer of inflammatory genes. Resis-
tance to apoptosis after TNF signaling requires de novo protein synthesis of the 
FLICE inhibitory protein (FLIP) and Gadd45 , whose expressions are dependent on 
NF- B [13]. Prolonged activation of c-Jun-N-terminal kinase (JNK) by TNF causes 
proteolysis of FLIP. Gadd45  binds to and inactivates MKK7, an upstream activat-
ing kinase of JNK, and protects from TNF-induced apoptosis [14]. These divergent 
actions explain why the apoptotic pathway dominates in cells that are biosyntheti-
cally compromised. In RA, TNF activates mostly inflammatory genes.

Pattern-recognition receptor signaling

Pattern recognition receptors (PRRs) alert the host by detecting pathogen-associated 
molecular patterns (PAMPs) during infection. Several PRRs also recognize self 
molecules especially those released from dying or damaged cells. By itself, activa-
tion of these receptors triggers rapid inflammatory reactions during innate immune 
responses. Moreover, they prime antigen-presenting cells (APCs) to engage the adap-
tive immune system. These two properties are central to their role in host defense 
and homeostasis but can also lead to pathological outcomes. Inappropriate activa-
tion of these receptors by self molecules, commensal bacteria, or pathogens during 
acute or chronic infection has been associated with autoimmune diseases such as 
RA. PRRs are classified into membrane-bound and cytoplasmic receptors. TLRs are 
the best-characterized cell surface membrane-associated PRRs. Cytoplasmic PRRs 
comprise CARD helicases and NOD-like receptors. Extracellular molecules such as 
the complement system or pentraxins (SAP, CRP) can also be classified as PRRs.

Cell surface membrane-associated PRRs: TLRs
TLRs are expressed on synovial fibroblast and infiltrating myeloid cells in human 
RA joints. Classical animal models such as adjuvant arthritis or streptococcal cell 
wall arthritis are dependent on the activation of the innate immune system by TLR 
ligands. The extent to which TLRs engage in chronic inflammation during RA is 
still unclear. TLR ligands of microbial and endogenous origin have been detected 
in joints of RA patients. In vitro, they are able to stimulate inflammatory cytokine 
production by synoviocytes. TLR-stimulated APCs can prime T cell responses 
towards aggressive phenotypes such as Th1 or Th17 depending on the ligand and 
APC subtype, thus providing a link between the innate and the adaptive immune 
system. In B cells, TLRs influence antibody class switching and rheumatoid factor 
(RF) production.
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The different TLRs initiate both shared and distinct signaling pathways by 
recruiting four different TIR domain-containing adaptor molecules (see Fig. 1): 
MyD88, TIRAP (MAL), TRIF (TICAM1), and TRAM [15]. MyD88 is used by all 
TLRs (and IL-1R, see above) except TLR3; TIRAP is downstream of TLR2 and 
TLR4; TRIF is recruited by TLR3 and TLR4; and TRAM is used only by TLR4. 
These signaling pathways raise inflammatory cytokine production via the transcrip-
tion factors NF- B, activator protein-1 (AP-1) and MAPKs such as JNKs and p38. 
TLRs 3, 4, 7, 8, and 9 also activate interferon (IFN) regulatory factor 3 (IRF3) and/
or IRF7, leading to the production of type I IFNs such as IFN-  and IFN- .

TLR4 is expressed in RA joints and its ligand LPS can trigger arthritis in sev-
eral rodent models [16]. The serum and synovial fluid of RA patients contain an 
unknown TLR4 ligand [17]. TLR4 sets up both MyD88-dependent and TRIF-
dependent pathways. The MyD88-dependent pathway is shared with IL-1 and 
induces the expression of inflammatory cytokines such as IL-6 in fibroblasts and 
IL-12 and TNF-  in myeloid cells. The MyD88-independent pathway involves the 
consecutive recruitment of TRAM, TRIF then TRAF6, which links to TAK1 and 
other MAP3Ks activation. Downstream of TRIF, RIP1 also connects to NF- B 
and to TRAF3, which evokes IRF3-dependent antiviral responses. The TRIF and 
MyD88 pathways synergize to maximize the expression of inflammatory cytokines 
by providing optimal MAPK and NF- B activation.

RNA released from necrotic synovial fluid cells can activate rheumatoid fibro-
blast to produce high levels of IFN- , CXCL10, CCL5, and IL-6 protein by binding 
to TLR3 [18]. TLR3 shares the TRIF-TRAF3 pathway of TLR4, which eventually 
triggers the IRF3-dependent antiviral program via TBK1 and IKK. TLR3 also sig-
nals to NF- B through TRAF6 and TAK1, which might account for induction of 
IL-6 in synovial fibroblasts exposed to RNA or poly(I:C). TLR3 ligands increase 
IRF-3 phosphorylation and production of IFN and RANTES in cultured synovio-
cytes, via IKK  [19]. Activation of both IRF3 and c-Jun by IKK  also increases 
matrix metalloproteases (MMP) expression in synovial tissue [20]. The dual role of 
IKK  in the synovial inflammatory response suggests that this pathway is a potential 
therapeutic target in arthritis.

In RA, TLR2 is chiefly expressed in fibroblast-like synoviocytes (FLS) and infil-
trating lymphocytes [16]. Stimulation of FLS with the TLR2 ligand peptidoglycan 
but not the TLR9 ligand CpG up-regulates the expression of IL-6, IL-8, chemokines 
and MMPs 1, 3, and 13 [21]. TLR2 can broaden the repertoire of its ligands and the 
outcome of its signaling by collaborating with other TLRs or non-TLR PRRs. This 
is relevant to the clinical setting where the response to PRR is caused by complex 
ligands as opposed to agonists chemically purified in vitro.

TLR9 and TLR7 are thought to link innate recognition of endogenous DNA and 
RNA, respectively, to pathological B and dendritic cell activation in autoimmune 
diseases. Immune complexes of IgG and self DNA induce RF production by activat-
ing autoreactive B cells [22]. The signal triggered by TLR9 synergizes with the RF B 
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cell receptor, which is activated by the Fc portion of IgGs in the immune complex. 
TLR9/7 stimulation also leads to type I IFN production. Antiviral gene products 
have been shown to be involved in the pathology of SLE but might be protective 
in arthritis models. TLR9/7 stimulates the synthesis of inflammatory cytokines and 
intra-articular injection of bacterial DNA containing unmethylated CpG motifs 
causes arthritis [23]. The inflammatory pathway downstream of TLR9/7 is similar 
to TLR4 (MyD88-IRAK4-TRAF6-TAK1-MAPK/IKK-AP-1/NF- B). On the other 
hand, type I IFN production differs from TLR3 and TLR4 signaling since TRIF 
and IRF3 are dispensable [24]. Instead, a multiprotein complex comprising at least 
MyD88, IRAK4, IRAK1, TRAF6, and TRAF3 activates the antiviral transcription 
factor IRF7.

Cytoplasmic PRRs: NLRs
Soluble cytoplasmic PRRs include nucleotide-binding oligomerization domain 
(NOD)-like receptors (NLRs), double-stranded RNA-activated protein kinase 
(PKR) and caspase activation and recruitment domain (CARD) helicases. Mamma-
lian NLR family members share a modular organization of their protein structure 
that consists of a C-terminal leucine-rich repeat (LRR) domain, a central nucleotide-
binding NACHT domain and an N-terminal protein-protein–interaction domain 
composed of a CARD domain, pyrin domain or Bir (baculovirus ‘inhibitor of 
apoptosis’ repeat) domain [25]. Only 3 human NOD-LRR proteins have N-terminal 
CARDs, whereas NOD-LRR members with a PYD include 14 proteins named 
NALPs. Some NLRs mutations predispose to inflammatory diseases. A prominent 
example is the genetic association of CIAS-1 (the gene that codes for cryopyrin) with 
three autoinflammatory diseases: familial cold autoinflammatory syndrome, Muck-
le-Wells syndrome, and neonatal onset multisystem inflammatory disease [26].

The PRR role of NALP1, NALP3 (NACHT-, LRR- and pyrin-domain-containing 
proteins) and IPAF (ICE-protease-activating factor) is controlled by a cytosolic 
multiprotein complex called the inflammasome (see Fig. 1). This platform couples 
the sensing of cytoplasmic PAMP to the proteolysis of pro-IL-1  into its bioactive 
17-kDa fragment. Each NALP senses distinct PAMPs and danger signals. On ligand 
recognition, the NALP cleaves pro-caspase-1 into active caspase-1 or ICE (IL-1  
converting enzyme). This usually needs the adaptor ASC (apoptosis-associated 
speck-like protein containing a CARD). IPAF has been shown to activate caspase-1 
without ASC.

PAMPs need to reach the cytosol to activate NLRs. The secretion machinery of 
some bacteria can deliver their PAMPs straight in the cytosol. Ionophores such as 
nigericin or extracellular ATP cause potassium efflux, which activates the inflam-
masome by a pannexin-1-dependent mechanism. This hemichannel molecule forms 
a large pore after intracellular potassium depletion through which extracellular 
PAMPs gain access to the cytosol [27]. The purinergic receptor P2X7 mediates ATP-
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dependent potassium loss. How NLR family members sense their agonists in the 
cytosol remains poorly understood. The demonstration of a direct physical interac-
tion between NLRs and microbial components or endogenous danger molecules is 
still lacking and might involve another set of unknown adaptors.

NLR PRRs can also signal to NF- B. NOD1 and NOD2 ligands are the pepti-
doglycan (PGN)-derived peptides -D-glutamyl-meso-diaminopimelic acid (iE-DAP) 
and MDP, respectively. NOD1 and NOD2 can form a complex with RIP2 (receptor-
interacting protein 2), which leads to activation of NF- B. Caspase-1 can activate 
Mal (TIRAP) to link NF- B and p38 MAP kinase pathways [28]. Mutations in both 
Card4 (NOD1) and Card15 (NOD2) can cause inflammatory diseases. Variants 
linked to Crohn’s disease (CD) are mapped to the LRR region of NOD2, whereas 
those encoded in the NACHT domain are found in Blau syndrome and early onset 
sarcoidosis patients. Many of these polymorphisms confer a gain of function to 
NOD2 and increase NF- B activation [29].

Beside the many regulatory mechanisms of IL-1 signaling, endogenous inhibi-
tors of caspase-1 and therefore IL-1 release have been described. Caspase-12 has a 
dominant negative effect on caspase-1 [30]. CARD-containing molecules have been 
shown to bind to the CARD domain of pro-casapase-1 and to inhibit caspase-1 
[31]. Pyrin, the protein mutated in familial Mediterranean fever patients (FMF), 
regulates caspase-1 activation by interacting with the adaptor ASC to inhibit cas-
pase-1 [32].

Inhibition of the inflammasome is a new therapeutic alternative in IL-1-mediated 
diseases, which now also comprises crystal-induced arthropathies. P2X7 antago-
nists, which are under development for the treatment of multiple sclerosis, can 
inhibit the ATP pathway. Blocking Pannexin-1 could have a broader anti-IL-1 activ-
ity assuming a general role of this molecule in mediating cytosolic entry of extracel-
lular NALP ligands. Pannexin-1 inhibitory peptides show efficacy in vitro [27]. The 
mechanism by which IL-1 induces itself is thought to be a major pathogenic loop in 
several inflammatory diseases and represents an unresolved issue [33]. Recombinant 
IL-1 antagonist is an effective therapy in cryopyrin-associated periodic syndromes 
(CAPS) [34]. This contrasts with the preventing action of colchicine in most but 
not all FMF variants [35]. Caspase-1 inhibitors, which are in clinical development, 
have the ability to block IL-1 and IL-18 processing regardless of the specificity of 
the NLR involved and can also block NF- B activation by caspase-1 [36].

T cell receptor signaling in CD4+ T cells

The role of CD4+ T cells in the pathogenesis of RA is supported by recent data 
showing the efficacy of abatacept, which blocks T cell costimulation [37]. Many 
rodent models of RA are also T cell dependent at least in their initiation phase. 
Beside traditional models like collagen-induced arthritis, mice homozygous for a 
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mutation in the gene encoding ZAP-70, a key signal transduction molecule in T 
cells, develop a T cell-mediated autoimmune arthritis [38].

T cell receptor (TCR)-mediated signaling pathways that might take part in rheu-
matic diseases are complex (see Fig. 3). Quantitative and qualitative modulation of 

Figure 3
Signaling pathways for the T cell receptor (TCR). The TCR is activated by antigen in the con-
text of MHC and engagement of costimulatory signals. ZAP70 leads to a cascade of signaling 
events, including NF- B translocation and stimulation of the MAPK pathway. Depending on 
the intensity of the signal and the cytokine milieu, T cells can be directed along specific dif-
ferentiation and activation pathways.
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these pathways during antigenic stimulation can produce two main opposing out-
comes: differentiation to effector T cells or anergy. Full activation of T cells depends 
on the engagement of the TCR and CD3 by the peptide-loaded MHC on the APC 
(signal I) and the costimulatory receptors CD28 and B7 (signal II). Cytokine pro-
duction, survival and proliferation of the T cell need both signals, whereas engage-
ment of the TCR without signal II induces anergy resulting in antigen tolerance even 
after rechallenge with proper costimulation.

The  and  chains of the TCR that recognize the antigenic peptide lack enzy-
matic activity and have a short cytoplasmic tail [39]. They are associated with the 
CD3 complex, the most upstream substrate of intracellular signaling kinases. On 
TCR triggering the src-family kinases Lck and Fyn phosphorylate two tyrosine 
residues within the immunoreceptor tyrosine-based activation motifs (ITAMs) 
of the CD3- , - , -  and -  subunits. Phosphorylated ITAMs recruits ZAP-70 
( -chain-associated protein of 70 kDa). After it is attached to the ITAM motifs, 
Lck activates ZAP-70, the function of which is further increased by dephosphoryla-
tion of inhibitory sites. Higher affinity TCR-MHC contacts correlate with greater 
number of phosphorylated ITAM motifs up to the maximum of ten ITAMs present 
in each TCR complex. Downstream signaling events include the activation of Ras 
and Rho-family GTPases, MAPK cascades, phosphatidylinositol 3 kinase (PI3K), 
PKC , and the NF- B pathway. The transcription of biologically important genes 
is also modulated by intracellular calcium flux triggered by phospholipase C 
(PLC)- .

Phosphorylation of the transmembrane adaptor molecule LAT and the cytosolic 
adaptor protein SLP-76 by ZAP-70 orchestrate these downstream events. Phospho-
rylated LAT and SLP-76 then serve as docking surfaces for other adaptors such as 
growth factor receptor-bound protein 2 (Grb2), GADS, the p85 regulatory subunit 
of PI3K and PLC- . Through these molecules, LAT effectively controls calcium flux, 
Ras/extracellular signal-regulated kinase (ERK), NFAT/AP-1, and PI3K activation. 
The activity of nuclear factor of activated T cells (NFAT), which promotes IL-2 tran-
scription, is controlled by the sustained intracellular calcium flux initiated by PLC- . 
Ca2+ activates the serine phosphatase calcineurin, promoting the dephosphorylation 
and nuclear translocation of NFAT. Calcineurin is targeted by cyclosporine A and 
FK506 [39]. Binding of the adaptor Grb2 on LAT further recruits the GDP/GTP 
exchange factor Sos that activates the Ras/Raf/ERK pathway.

Once activated, the ERKs play an essential role in the expression of the AP-1 
transcription factor c-Fos, as well as c-myc. c-Fos contributes to the transcriptional 
regulation of AP-1 response elements in the IL-2 promoter. Vav is recruited both by 
SLP-76 and Grb2 and is involved in NF- B, NFAT, AP-1, and JNK activation and 
for sustained Ca2+ signaling. Vav and Lck are required for the membrane relocaliza-
tion of PKC  into lipid rafts where various other molecules, such as Lck, ZAP-70, 
LAT have been shown to accumulate [40]. The presence of PKC  in these structures 
is necessary for NF- B activation.
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The T cell-dependent arthritis in the ZAP-70 mouse is mapped to a spontaneous 
homozygous missense mutation in the ZAP-70 gene [38]. The tyrosine-phosphory-
lation status of major signal transduction molecules, such as ZAP-70, TCR- , LAT 
and PLC-  is extremely low in T cells from SKG mice. This impairs most major 
signaling pathways including calcium flux, ERK, p38 and JNK, which raises the 
avidity threshold of the TCR. This causes decreased negative selection in the thymus 
because this process relies on the stronger TCR signals triggered by high avidity 
self-antigens-MHC complexes. Pathogenic self-reactive clones then accumulate in 
the periphery.

In RA, the most significant genetic association other than the HLA-DR is a poly-
morphism in the PTPN22 gene [41]. This variant confers a gain-of-function phe-
notype to its protein product, the LYP phosphatase, leading to decrease in tyrosine 
phosphorylation of proximal signaling molecules similar to the SKG mice [42]. By 
analogy, this PTPN22 SNP could thus lead to increased thymic output of autoreac-
tive T cells in the periphery. However, LYP is also expressed in B cells, natural killer 
cells, macrophages, monocytes and dendritic cells suggesting that alterations in 
other cell types could participate in PTPN22-linked diseases.

Drugs designed to target proximal TCR events could replicate the autoreactive 
risk conveyed by the ZAP-70 mutation in mice or the PTPN22 SNPs in humans. In 
addition to skewing thymic selection, weakening proximal TCR signaling can inter-
fere with the immunosuppressive regulatory T cells (Tregs). Tregs are implicated in 
animal models of arthritis [43]. They typically engage in a high-affinity interaction 
with self-peptide MHC complexes, which generate strong TCR signals. Superago-
nistic monoclonal antibodies with specificity for CD28 expand Tregs in vitro and 
in vivo and prove to be therapeutic in rat adjuvant arthritis [44]. However the role 
of this T cell subset in RA is not well defined and extrapolating their function from 
rodent models should be done with caution. In a first-in-man clinical trial, the CD28 
superagonist antibody TGN1412 produced a severe inflammatory reaction resulting 
in multi-organ failure [45]. One potential explanation is that in humans TGN1412 
stimulated the more abundant memory T cell subset, which overwhelmed any ben-
eficial effects on Tregs. Another molecule intimately involved with TCR signaling, 
Janus kinase-3 (JAK3), has recently been evaluated using a small molecule inhibitor 
CP-690550. This compound demonstrated impressive clinical efficacy in Phase II 
clinical trials in RA. These proof of concept studies support the hypothesis that T 
cells participate in chronic rheumatoid synovitis, although effects on host defense 
are possible.

The therapeutic potential of the B7–CD28 costimulatory pathway in RA is dem-
onstrated by the clinical success of abatacept, a soluble fusion protein containing 
the extracellular domain of CTLA-4 linked to an IgG Fc region [37]. It binds to B7 
on the APC with greater affinity than CD28 on the T cell, blocking the so-called 
signal II that is required for the expansion and differentiation of T cells. Interfering 
with the signaling pathway downstream of CD28 could represent an alternative to 
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biological blockade. The NF- B cascade mediates the T cell-specific response to 
costimulation [46]. All B7 family coreceptors share a YXXM motif, allowing the 
inducible interaction with the p85 adaptor subunit of PI3K after phosphorylation 
by Lck. PI3K interacts with PDK1, which in turn recruits the IKK complex through 
PKC  and CARMA1. PKC  phosphorylates CARMA1, which leads to the assembly 
of the trimolecular complex CARMA1-BCL10-MALT1 that activates NF- B.

PKC  represents a potential T cell-specific therapeutic target. PKC -deficient 
mice are protected against T cell-dependent arthritis [47]. Pharmacological agents 
directed against components of the CARMA1-BCL10-MALT1 signalosome could 
interfere with both T and B cell function given the additional role of this complex 
in BCR signal transduction. Downstream of this molecular platform, the same core 
components of the NF- B signaling pathway control T and B lymphocyte activation 
and the expression of most inflammatory cytokines, chemokines and proteolytic 
enzymes in non-lymphoid cells such as synovial fibroblasts, macrophages and osteo-
clasts. Thus, therapeutic strategies targeting the NF- B pathway can potentially 
control both the innate and adaptive immune responses in RA.

Representative critical signaling pathways in RA

Existing anti-cytokines therapies block the interaction of a single ligand with its spe-
cific receptor. A significant percentage of RA patients do not respond to such thera-
pies. Moreover, disease control or remission usually requires the concomitant use of 
broader immunosuppressive drugs such as methotrexate and/or steroids, exposing 
patients to significant side effects. This is not surprising given the redundancy of 
pro-inflammatory factors in the rheumatoid joint. However, these ligands rely on 
restricted set of core signaling pathways. Mapping the hierarchy of these pathways 
can identify specific targets that control the production of the most harmful set of 
inflammatory proteins and minimize potential toxicity.

NF- B

NF- B affects multiple aspects of the inflammatory and destructive processes in RA. 
In the RA synovium, activated NF- B is detected in both macrophages and FLS, and 
induces the transcription of cytokines like IL-1, TNF and IL-6 [48–50]. NF- B also 
plays an important role in leukocyte adhesion and transmigration by controlling 
the transcription of chemokines and cell adhesion molecules. In animal models of 
RA, NF- B activation in the joint heralds the appearance of clinical disease. The 
expression of MMPs, but not their tissue inhibitor, is under the control of NF- B, as 
well as the differentiation of T and B cells. Bone destruction is enhanced by RANK 
activation (receptor activator of NF- B) in osteoclasts.
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NF- B is a family of transcription factors that increase the mRNA levels of its 
target genes by binding to specific DNA sequences called B or Rel sites [51]. These 
DNA motifs are usually found in the promoter, a regulatory region of the gene 
close to the transcription start site. The five NF- B members are classified in two 
subfamilies called NF- B and Rel. The C-terminal part of NF- B p105 and p100 
proteins contain I B-like inhibitory domains characterized by multiple copies of 
the ankyrin repeat (ANK). These precursors are processed by proteasome-mediated 
partial proteolysis to their mature DNA-binding forms p50 and p52, respectively. 
c-Rel, RelA and RelB are not processed. NF- B transcription complexes are homo- 
or heterodimers of any of the subunits p50, p52, c-Rel, RelA (p65) and RelB.

The primary regulation of the NF- B pathway is through the association of 
NF- B complexes with I B inhibitors that comprise I B , I B , and I B . I B bind 
to the Rel domain of NF- B dimers and block the nuclear localization function of 
Rel. These inactive I B-NF- B multimeric complexes are thus maintained within 
the cytoplasm. The two main pathways leading to NF- B activation are called the 
classical and alternative pathways [52]. Both are activated by an I B kinase complex 
consisting of catalytic subunits (IKK  and/or IKK , also called IKK1 and IKK2). In 
addition, the classical IKK complex comprises the scaffold protein NF- B essential 
modulator (NEMO) or IKK .

Innate immunity and inflammation relies strongly on the classical pathway 
[49]. Adaptors such as TRAF2 (downstream of TNFRI) and TRAF6 (downstream 
of IL-1R/TLR4) link to MAP/ERK kinase kinase 3 (MEKK3) and TAK1. This in 
turn activates IKKs, which then phosphorylate I B inhibitors, targeting them for 
ubiquitination and degradation by the 26S proteasome. The main latent classical 
complex is a p50-RelA-I B  trimer. The p50-RelA dimer drives most of the B 
transcriptional activity.

Other receptors preferentially induce the alternative pathway, such as BAFF-R 
that controls B cell survival and RANK that increases osteoclastogenesis and bone 
destruction [52]. However, although IKK  is required for RANK ligand-induced 
osteoclast formation in vitro, it was dispensable in vivo in a mouse model [53].The 
alternative IKK signalosome consists of IKK  subunits only, which are activated 
by NIK (NF- B inducing kinase). The latent complex comprises RelB and p100. 
The slow degradation of p100 into the active p52/RelB dimers results in a delayed 
kinetic of onset (hours versus minutes for the classical pathway).

Different classes of compounds can inhibit the NF- B pathway including pep-
tides, oligonucleotides, microbial and viral proteins, small molecules or engineered 
dominant negative or constitutively active polypeptides [54]. Some inhibit NF- B 
globally, while others target specific steps of the classical or the alternative pathway. 
Several immunosuppressive drugs are also able to modulate NF- B activity. Glu-
cocorticoids inhibit DNA binding of Rel or IKK activity depending on the cellular 
context. Cyclosporine interferes with the proteasome to decrease I B degradation. 
FK506 blocks c-Rel nuclear translocation but not p50/RelA. Many other drugs 
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show anti-NF- B activity in vitro and/or in vivo sometimes at non-physiological 
doses like aspirin, suggesting an off-target effect or cross-talk between the drug’s 
primary target and the NF- B pathway. The development of more selective inhibi-
tors will have the advantage to minimize NF- B-independent toxicity.

IKK2 has received much of the focus in RA, in part because this kinase regulates 
cytokine production in many cell types including cultured synoviocytes [55]. Gene 
therapy approaches with dominant-negative forms of IKK2 are effective in animal 
models but they require local intra-articular therapy [56]. Systemic administration of 
several selective IKK2 inhibitors diminishes both inflammation and articular destruc-
tion in several rat or murine arthritis models [57]. No potent inhibitors of IKK1 have 
been described despite its unique role in the alternative NF- B pathway, which is 
activated by surface receptors involved in RA such as RANK and BAFF-R. However, 
IKK1 might also contribute to the resolution of inflammatory responses by accelerat-
ing the removal of the NF- B subunits RelA and c-Rel from gene promoters [58].

Downstream of IKK, ubiquitination or proteasome inhibitors prevent nuclear 
entry of NF- B by blocking I B degradation. The small molecule Ro196-9920 is an 
inhibitor of I B  ubiquitination and was effective when administered orally in the 
mouse air pouch model [59]. The proteasome inhibitor PS-341 (now called bort-
ezomib) reduces inflammation and bone and cartilage damage in rat streptococcal 
cell wall-induced arthritis [60]. This agent became the first proteasome inhibitor 
in clinical use for the treatment of multiple myeloma [61]. It is not clear whether 
NF- B inhibition can explain all of its pro-apoptotic and anti-myeloma effects. 
The proteasome controls the stability of many proteins that regulate progression 
through the cell cycle and apoptosis, such as cyclins, cyclin-dependent kinases and 
tumor suppressors. These additional pro-apoptotic activities of proteasome inhibi-
tors could be favorable in the treatment of RA.

Pathological resistance to apoptosis is thought to contribute to the proliferative 
phenotype of FLS. Inhibition of proteasome function in FLS increases spontane-
ous and TNF-induced apoptosis [62]. Despite the broad range of proteins that are 
processed by the proteasome, the toxicity of bortezomib in a Phase III clinical trial 
was restricted to dose-dependent and mostly reversible sensory neuropathies and 
thrombocytopenia [61]. It is not known if the dosing regimen currently used in 
cancer studies also produces anti-inflammatory effects.

Other methods for stabilizing I B have been evaluated extensively in cell culture. 
I B “super-repressors” are essentially I B mutants engineered to lack the sites for 
phosphorylation, blocking their ubiquitination and degradation. A membrane per-
meable version of an I B repressor could suppress local cytokine production and 
leukocytes influx during inflammation in vivo [63]. However, the bioavailability of 
this class of protein compounds limits their clinical use.

Downstream of I B, some NF- B inhibitors block its nuclear translocation or 
its transcriptional activity. DHMEQ, a fungal epoxyquinoid, has been reported to 
be a specific inhibitor of NF- B nuclear translocation and was effective in collagen-
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induced arthritis [64]. Decoy oligonucleotides that contain an NF- B-binding site 
showed efficacy in rat models of arthritis [65, 66]. However, their poor bioavail-
ability limits their therapeutic potential.

In summary, NF- B inhibitors could reduce several pathogenic processes in RA, 
including the resistance of FLS to apoptosis, and the increased inflammatory and 
autoimmune responses. On the other hand, NF- B transcription factors also control 
the expression of genes that play key roles in cell survival and response to stress. 
These functions raise safety issues related to the systemic inhibition of this pathway. 
For instance, disrupting the function of IKK2 or Rela causes embryonic lethality in 
mice by increasing TNF induced hepatocyte apoptosis [67]. However, the toxicity 
of IKK2 blockade in the adult might be less than embryonic effects. In the adult 
liver, IKK1 is able to maintain sufficient levels of NF- B activity to resist the stress 
induced by LPS or soluble TNF administration [68]. AS602868, a small molecule 
inhibitor of IKK2, has no effect on transaminases levels and protects mice from 
ischemia-reperfusion liver injury without sensitizing them toward TNF-induced 
apoptosis [69]. Intriguingly, adult IKK2 knockout hepatocytes remain sensitive to 
apoptosis induced by activated T cells that express the membrane-bound rather than 
the soluble form of TNF [68].

Because IKK2 and other members of the NF- B pathway drive many aspects of 
adaptive and innate immune responses, the benefit provided by inhibition of NF- B 
could be difficult to dissociate from the risk of infectious complications. One goal 
could be to modulate, rather than ablate, NF- B. Selective targeting of NF- B het-
erodimers or homodimers could restrict the effects to a subset of genes involved in 
autoinflammation. Alternatively, allowing a basal level of NF- B activity to persist 
might be safer than blocking it.

MAPKs

MAPKs are a family of serine/threonine protein kinases that control an array of cel-
lular responses to external stress signals. In RA, they regulate both cytokine produc-
tion and cytokine action [70]. MAPK cascades are organized into three individual 
subfamilies: ERK, JNK and p38. The hierarchy of signaling events within each 
family is based on a similar linear scheme: MAPK kinases (MAPKK or MAP2K) 
activate p38, JNK or ERK, while MAPKK are themselves activated by MAPKK 
kinases (MAPKKK or MAP3K). However, complex parallel and crossover signaling 
occurs. For instance, the MAP3K MEKK3 can activate both MKK3 (a p38-specific 
MAP2K) and MKK4 (a JNK MAP2K). Thus, many extracellular signals activate 
more than one MAPK. For instance, cytokine receptors and growth factor recep-
tors lead mainly to ERK activation, whereas TLRs, proinflammatory cytokines, 
and osmotic shock activate p38. Ultraviolet light, protein synthesis inhibitors, and 
cytokines such as IL-1 and TNF stimulate the JNK pathway.
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All MAPK regulate the expression of several genes that participate in synovial 
inflammation, including TNF and IL-1, but also MMPs that are involved in articu-
lar destruction. JNK works mainly by inducing the phosphorylation of c-Jun, which 
stimulates the transcription of genes controlled by the transcription factor AP-1. 
p38 acts at several levels including increasing the transcription, stability or transla-
tion of the mRNA, depending on the cell type and the stimulus. The ERKs 1 and 2 
are widely expressed and regulate cellular proliferation and differentiation. Thus, 
inhibition of the ERK pathway is considered to be mainly relevant to the treatment 
of malignancies.

p38 MAPK pathway
Of the four known p38 family members, p38  is the main isoform expressed in 
macrophages and synoviocytes, but p38  is also expressed at sites of invasion into 
the extracellular matrix [70]. The activated, phosphorylated form of p38 is found 
in the intimal lining where most of the cytokines and proteases are produced. 
Phosphorylated MKK3 and MKK6, the two major upstream regulators of p38, are 
also localized to the intimal lining and, to a lesser extent, in perivascular lymphoid 
aggregates [71]. p38, MKK3 and MKK6 regulate the expression of many important 
genes in synovial inflammation, including TNF, IL-1, and MMPs as well as the 
response of FLS to these inflammatory cytokines [72]. p38 inhibitors decrease both 
the inflammation and the erosive, destructive process in several preclinical models 
of arthritis [73]. However, preclinical and clinical toxicity have interfered with their 
development. Only a few publications detail the results of p38 inhibitors in clinical 
trials, which were often limited because of hepatotoxicity and gastrointestinal side 
effects.

The p38 /  selective inhibitor RWJ-67657 significantly suppressed the fever 
response and partially blocked the increase in serum cytokines such as TNF after 
LPS challenge in humans [74]. This compound also blocks in vitro cytokine pro-
duction by FLS [75]. Some results from clinical trials of p38 inhibitors in RA are 
available in the form of abstracts or press releases. VX-745 was tested in a placebo-
controlled study involving 44 patients. Of the patients in the treatment arm, 43% 
achieved an American College of Rheumatology (ACR) 20 response compared with 
17% for placebo. Exposure to the drug was limited by hepatotoxicity, which pre-
cluded the use of methotrexate. Another compound, VX-702, also provided a mod-
est dose dependent increase in ACR 20 responders in a prospective study involving 
278 patients during 12 weeks of treatment. The ACR 20 response rate was 44% 
compared with 31% for placebo. Hepatotoxicity was not reported as significant. 
Another study with the p38 inhibitor SCIO 469 also showed limited efficacy [76]. 
Perhaps more striking was the fact that acute phase reactants like C-reactive protein 
rapidly decreased in the SCIO 469-treated patients, but later returned to pre-treat-
ment levels. A similar phenomenon was observed with BIRB 796 in inflammatory 
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bowel disease. It is not clear why some components of the inflammatory response, 
such as acute phase reactants, appear to escape from p38 inhibition.

Among the dose-limiting side effects that contributed to the limited efficacy of 
p38 inhibitors, liver tissues could be targeted since structurally distinct compounds 
displayed hepatoxicity. However, this is not certain and greater selectivity for p38  
over other kinases and p38 isoforms might improve the tolerability. Allosteric 
inhibitors might also help reduce off target toxicities. Another alternative would be 
to target upstream regulators or downstream substrates of p38. MKK3 deficiency 
suppresses inflammation and articular cytokine production in a passive murine 
arthritis model but does not affect IL-6 release after LPS injection. Thus, target-
ing this upstream kinase could protect from synovial inflammation, while leaving 
host defense responses intact [77]. MAPKAP kinase 2 (MK2) is a substrate of p38 
involved in the post-transcriptional regulation of TNF biosynthesis. Deletion of the 
MK2 gene protects mice from collagen-induced arthritis [78]. However, this strategy 
decreases cytokine release after LPS challenge in vivo and might lower the resistance 
to microbial infection.

JNK pathway
Both JNK1 and JNK2 are phosphorylated in RA but not osteoarthritis synovium 
[79]. JNK3 expression is restricted to neurological tissue. Activated forms of MKK4 
and MKK7, the upstream activators of JNK, are both expressed in rheumatoid syn-
ovium with its major substrate c-Jun [80]. JNK controls local inflammation in the 
joint by regulating cytokine and MMPs expression. Studies in JNK-deficient mice 
indicate that this MAPK also regulates T cell differentiation into the T helper 1 
subset, which has been incriminated in the pathology of RA [81]. Thus, JNK inhibi-
tion could diminish adaptive autoimmune responses in RA in addition to blocking 
MMP production by FLS.

Peptide-based approaches that can target JNK signaling have been reported. Spe-
cific fragments of JNK-interacting protein 1 (JIP1), a scaffold protein, inhibit JNK 
activity in various cell types. Short JIP1-derived peptides are selective and appear 
to inhibit only JNK and its upstream activators, MKK4 and MKK7 [82]. Systemic 
administration of a cell-penetrating and protease-resistant peptide inhibitor of JIP1 
can prevent neuronal degeneration in different in vivo models [82].

SP600125 is a reversible ATP competitive inhibitor for all three JNK isoforms. 
Administration of this compound during rat adjuvant arthritis had a modest anti-
inflammatory effect. In contrast, radiographic analysis showed a dramatic decrease 
in bone and cartilage damage [83]. This was likely due to suppression of effector 
mechanisms such as MMP production in the inflamed joints because the treatment 
was started after initiation of T cell-dependent autoimmune responses. Data from 
mice deficient in either JNK1 or JNK2 suggests that both JNK isoforms need to be 
inhibited. Indeed, JNK2 deficiency offered very little protection in passive collagen 
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arthritis, indicating that JNK1 can compensate [84]. Conversely, JNK1 knockout 
does not protect from synovial inflammation in a TNF transgenic model [85]. 
Another molecule, spleen tyrosine kinase (Syk), plays a key role in Fc receptor and 
ITAM signaling. Additional data suggest that it can also influence JNK function in 
cultured synoviocytes [86]. The Syk inhibitor R406/R788 has demonstrated efficacy 
in a Phase II study in RA patients concomitantly treated with methotrexate [87].

Long-term exposure to JNK inhibitors in chronic diseases could cause neurologi-
cal toxicity. Mice lacking both JNK1 and JNK2 isoforms present late embryonic 
lethality and neural tube closure defects, while single deficiency in JNK1 elicit an 
age-dependent alteration of axons and dendrites associated with pronounced loss of 
microtubules [88, 89]. In cultured FLS, MKK7 but not MKK4 is required for JNK 
activation after cytokine stimulation [90]. This suggests that this upstream kinase 
might be an efficient and safer target than JNK in arthritis.

Conclusion

Aberrant regulation of several inflammatory pathways in RA provides a rationale 
for therapeutic intervention. Preclinical studies suggest several possible ways of 
interfering with these pathways including gene therapy approaches, small interfer-
ing RNA or inhibitory peptides. Small molecule compounds have several advantages 
in the clinic such as oral bioavailability and lower production costs. Inhibitors of 
NF- B or MAPKs might require careful selection of the relevant kinases. Judicious 
dosing to modulate rather than block these pathways might also be required since 
they also perform important metabolic functions. Recently studies demonstrating 
efficacy for the Syk inhibitor R406/R788 in as well as beneficial effects of JAK1, 
JAK2, and JAK3 inhibitors suggest that targeted therapies focused on signal trans-
duction molecules have great potential.
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Abstract

Oncostatin M (OSM) is a pleiotropic cytokine with potential utility as a treatment for inflam-
matory arthritis. This pro-inflammatory cytokine is increased in the rheumatoid but not in the 
osteoarthritic joint. Strategies to block the actions of OSM for use in inflammatory arthritis are 
being developed and these show significant promise in murine models of disease. Targeting OSM 
may have a beneficial effect by inhibiting some of the mechanisms of joint destruction in rheuma-
toid arthritis, which may limit long-term disability in patients. The challenge now is to convert this 
potential into firm compounds that can be tested in the clinic.

Introduction

Oncostatin M (OSM) is a 28-kDa cytokine with similarity to IL-6. In common 
with members of the IL-6 family of cytokines [IL-6, leukaemia inhibitory factor 
(LIF)] OSM signals through gp130 receptors. The type one receptor is composed 
of gp130 and LIFR beta and the type 2 receptor is composed of gp130 and OSMR 
beta. Common actions of LIF and OSM are signalled through the type 1 receptor, 
whereas OSM-specific actions are signalled through the type 2 receptor. Signalling 
through gp130 receptors activate JAK1, JAK 2 or Tyk2, which in turn activate 
STAT transcriptional activator proteins. In addition, OSM can signal through the 
MAPK signalling cascade (Fig. 1) [1]. OSM-specific effects are mediated through 
activation of specific STAT isoforms, which are selected, not by the specific JAK 
activation, but by interaction with tyrosine-based motifs within the OSM receptor. 
OSM is produced by activated T cells and macrophages and is also stored in the 
granules of neutrophils where it is released on degranulation [2].

OSM has pleiotropic effects including: stimulating the production of acute phase 
proteins in the liver, increasing the expression of adhesion molecules on endothelial 
cells, promoting IL-6 production by endothelial cells, inhibiting the growth and 
differentiation of some tumour cell lines, promoting the differentiation and pro-
liferation of osteoblasts, inducing the formation of osteoclasts and regulating the 
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expression of certain proteases including the matrix metalloproteinases (MMPs) 
and their naturally occurring inhibitors the tissue inhibitors of metalloproteinases 
(TIMPs) (Tab. 1).

The role of OSM in inflammation has been the subject of some debate. Some 
authors believe that the up-regulation of acute phase proteins and TIMPs reflects 
an anti-inflammatory role [3]. Others point to the effect on endothelial cells, osteo-
blasts and MMPs as evidence that OSM is, indeed, a predominantly inflammatory 
cytokine [4]. Further confusion has arisen because there appears to be variation in 
the responses to OSM between different species.

Therapeutic blockade of OSM has been explored in animal models of rheuma-
toid arthritis (RA), where it appears to ameliorate inflammation and, in particular, 
reduces tissue destruction. These observations suggest that this molecule might be 

Figure 1
OSM binds to a gp130 receptor and signals through the JAK/STAT and MAPK pathways to 
alter gene expression (reproduced with permission from Heinrich et al (2003) Principles of 
interleukin (IL)-6-type cytokine signalling and its regulation. Biochem J 374: 1–20. © The 
Biochemical Society.
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a relevant therapeutic target for RA and proof of concept studies are under way in 
humans to demonstrate whether this may be beneficial to patients with this disease.

Potential role of OSM in RA

Production of OSM in rheumatoid joints

Various studies have demonstrated that OSM is elevated in the rheumatoid synovi-
um and synovial fluid. A variety of cells have been shown to produce OSM, includ-
ing activated T cells and macrophages [5, 6] especially within the synovium [7].

Table 1. OSM has pleiotropic actions on many different tissues. Outlined here are the main 
established actions.

Action of OSM Tissue Reference

Inhibit tumor growth Melanoma cell lines Malik et al 1989 [30]

Increased IL-6 production Endothelial cells Brown et al 1991 [31]

Induces plasminogen activator Synovial fibroblasts Hamilton et al 1991 [32]

Stimulates acute phase protein 
production

Liver Richards et al 1992 [33]

Regulates TIMP expression Synovial fibroblasts Richards et al 1993 [34]

Increase in P-selectin expression Endothelial cells Yao et al 1996 [35]

Stimulates proteoglycan resorption Cartilage Wang Hui et al 1996 [9]

Inhibits proteoglycan synthesis Cartilage Wang Hui et al 1996 [9]

Synergise with IL-1 to increase 
MMP expression

Chondrocytes Cawston et al 1998 [7]

Induces formation of osteoclasts Bone Richards et al 2000 [36]

Neutrophil adhesion and 
chemotaxis

Neutrophils Kerfoot et al 2001 [37], 
Modur et al 1997 [4]

Differentiation and proliferation of 
osteoblasts

Bone De Hooge et al 2002 [38], 
Palmqvist et al 2002 [39]

Cell proliferation Endothelial cells and  
synovial fibroblasts

Fearon et al 2006 [19]

Synergise with IL-1 to increase 
VEGF production

Synovial fibroblast/  
cartilage co-cultures

Fearon et al 2006 [19]

Increase endothelial cell tubule 
formation and migration

Endothelial cells Fearon et al 2006 [19]
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Neutrophils, however, are the most abundant inflammatory cell found in the 
rheumatoid joint. These cells are not only found in synovial effusions, but also in the 
synovial pannus of patients with RA, particularly at the site of bony erosions, where 
they appear to have degranulated [8]. We have shown that neutrophils are capable 
of expressing and releasing significant amounts of OSM in response to stimulation 
with granulocyte/macrophage colony-stimulating factor (GM-CSF) [2]. Further-
more, we have found that neutrophils isolated from the synovial fluid of patients 
with RA are unresponsive, in terms of expressing and secreting OSM, to GM-CSF 
in vitro. This observation was in contrast to neutrophils isolated from the periph-
eral blood of the same patients, which expressed and secreted OSM on stimulation 
with GM-CSF as normal. This may represent in vivo stimulation of neutrophils to 
express and release OSM rendering them insensitive to further in vitro stimulation. 
Given the vast abundance of neutrophils in RA synovial fluid, these cells appear to 
be the major contributor of OSM in this compartment [2].

In vitro models of bone erosion

The inflammatory response in RA ultimately leads to cartilage and bone destruc-
tion, represented macroscopically by erosions. Such erosion of the joint tissues, 
when established, is irreversible and the panacea of treatment is to prevent this dam-
age from occurring. OSM may play a potential role in mediating joint damage. It 
has been shown to increase the release of proteoglycans from pig cartilage explants 
in vitro coupled with a decrease in proteoglycan synthesis [9], indicating cartilage 
catabolism, which may result in cartilage destruction.

OSM is found in the synovial fluid of patients with RA but not in osteoarthritis 
[10]. In the synovial fluid of patients with RA, the concentration of OSM correlates 
with synovial fluid neutrophil counts [10]. Concentrations of OSM in rheumatoid 
synovial fluid at first sight appear to be too low to reproduce the in vitro effects on 
cartilage destruction. However, given that OSM and IL-1 act synergistically on carti-
lage destruction and proteoglycan synthesis, these levels may well be of pathological 
relevance. OSM expression is also increased in the synovial tissue of patients with 
RA [7]. In RA synovial fluid, concentrations of OSM correlate with synovial fluid 
keratin sulphate and pyridinoline levels, which indicate cartilage catabolism [11].

MMPs, OSM and RA

MMPs are protease enzymes that can degrade all elements of the extracellular 
matrix. Their activity is strictly controlled at several points, including synthesis, 
secretion, processing of the inactive proform and binding to specific inhibitors 
(TIMPs). MMPs have been found in increased concentrations in the serum, synovial 
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fluid and synovial tissue of RA patients, where levels correlate with disease activity 
and structural damage [12–16]. The production of MMPs with potent collagenase 
activity (MMP-1 and MMP-13) is increased in RA synovial fibroblasts (RASFs) by 
the cytokines IL-1 and TNF-  [17]. OSM and retinoic acid both result in an increase 
in bovine and porcine cartilage degradation, as assessed by collagen and proteogly-
can release. Together they act synergistically to produce cartilage degradation and 
increase expression of MMPs. Neither agent alone or in combination was able to 
lead to human cartilage degradation in vitro [18], reinforcing the importance of 
considering species differences in response to this cytokine. OSM and IL-1 synergis-
tically increase collagen and proteoglycan release from porcine, bovine and human 
cartilage in the presence of increased MMP activity. Although OSM alone increases 
TIMP activity, IL-1 and OSM in combination lead to a net decrease in TIMP activ-
ity. This combination of OSM with IL-1 is, so far, the only combination of cytokines 
shown to promote collagenolysis in human cartilage [7].

OSM and the rheumatoid joint microenvironment

The effects of OSM and IL-1 alone, and in combination on human dermal micro-
vascular endothelial cells (HDMECs) and RASFs, have been studied in vitro. RASF 
and HDMEC proliferation increase in response to OSM and IL-1 alone with a syn-
ergistic effect when these cytokines are combined. OSM and IL-1, whether alone or 
in combination, increase the percentage of HDMECs and RASFs expressing ICAM-
1, an important adhesion molecule for leucocytes enhancing migration into sites of 
inflammation.

Angiogenesis is an essential part of the development of inflammatory RA pan-
nus. In vitro, OSM increases the formation of endothelial cell tubules and increases 
HDMEC migration, indicating that it provides an angiogenic stimulus. OSM 
and IL-1 together result in a modest but consistent increase in vascular endothe-
lial growth factor (VEGF) in cartilage. The fact that VEGF is a potent angiogenic 
stimulus further supports the evidence that OSM may be a regulator of angiogenesis 
[19].

Co-culture of RASFs with chondrocytes dictates the response of each cell type 
to cytokines and leads to higher baseline MMP production compared to each cell 
type alone. In addition, co-culture results in higher levels of MMP production 
when stimulated with OSM and IL-1, than either cell type alone. When cartilage is 
incubated alone with OSM and IL-1 there appears to be a decrease in TIMP pro-
duction. However, in co-cultures of RASF with cartilage, OSM and IL-1 result in a 
dramatic shift in the MMP:TIMP ratio in favour of the MMPs. Thus, the effects of 
the microenvironment, including the different cells types and expressed cytokines, 
need to be taken into account during in vitro experiments to be able to make a 
sensible prediction as to what is truly happening in vivo [19]. These experiments 
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indicate that, although OSM can increase TIMP expression, within the context of 
the rheumatoid joint, TIMP is decreased – suggesting that the net effect of OSM is 
proinflammatory.

OSM in animal models of inflammatory arthritis

The injection of human recombinant OSM into synovial joints of goats has been found 
to produce clinical features of joint inflammation, with an influx of leucocytes into 
the synovial fluid [20]. In this model, there was a significant reduction in cartilage 
proteoglycan content, indicating proteoglycan release, coupled with a decrease in ex 
vivo proteoglycan production. Some of these features were abrogated by the co-admin-
istration of the IL-1 decoy receptor IL-1Ra, which blocks the action of IL-1. However, 
even in the presence of IL-1Ra there was significant joint inflammation and reduction 
of cartilage proteoglycan content in response to intra-articular OSM, indicating that 
not all of the effects of OSM could be mediated by an increase in IL-1 [20].

Hui et al. [21] overexpressed murine OSM in combination with either IL-1 or 
TNF in the joints of a murine host using adenoviral gene transfer. Each cytokine on 
its own induced moderate synovial hyperplasia and bone erosions. However, both 
combinations resulted in a significant increase in synovial hyperplasia, inflamma-
tion and bone damage. In addition, the combinations induced synergistic osteoclast 
formation and activation and an increase in the expression of RANK and RANKL 
in inflammatory cells, inflamed synovium and articular cartilage. RANKL is a 
member of the TNF superfamily. It signals through its receptor, RANK and is a key 
factor in the differentiation and activation of osteoclasts, the main cells responsible 
for bone resorption. Other studies from this group have shown that overexpres-
sion of these combinations of cytokines in mice led to a synergistic increase in joint 
inflammation with bone destruction and proteoglycan and collagen release [22]. In 
addition, there was a synergistic increase in MMP expression in the cartilage and 
synovium. While TIMP expression was increased by OSM alone, this effect was 
abrogated when OSM and IL-1 were co-expressed [23].

The ability of synovial fibroblasts from patients with RA to proliferate and 
form colonies in anchorage-independent conditions is thought to reflect their ability 
to contribute to aggressive pannus formation in vivo. Langdon et al. [24] overex-
pressed murine OSM in mouse synovial fibroblasts by adenoviral gene transfer and 
found that OSM significantly increased the ability of mouse synovial fibroblasts to 
form colonies in anchorage-independent conditions. Like other groups, they found 
that intra-articular administration of the murine OSM via an adenoviral gene trans-
fer technique resulted in pronounced joint inflammation and cartilage erosion. They 
also noted that the effects outlasted the predicted effect of the adenoviral vector, 
indicating a sustained change in phenotype towards one of chronic inflammation 
[24].
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OSM as candidate therapeutic target in inflammatory arthritis

Inhibition of OSM has been investigated in a number of murine models of inflamma-
tory arthritis, with promising results. Collagen-induced arthritis (CIA) is a murine 
model of RA induced by immunisation of DBA/1 mice with bovine type 2 collagen. 
In pristane-induced arthritis (PIA) joint inflammation in mice is induced by the 
intraperitoneal administration of pristane. Although neither model mimics human 
RA perfectly, it is usual for new targets to be evaluated in these models to establish 
“proof of concept” before moving on to human studies. Mice with CIA and PIA 
have been treated with a neutralising antibody to OSM. Mice with CIA were treated 
with two doses of the anti-OSM antibody after clinical features of arthritis had 
developed. This protocol was effective at preventing further disease progression in 
these mice [25]. In the case of PIA, mice were dosed with intraperitoneal anti-OSM 
before the onset of clinical arthritis. This regime prevented the development of an 
inflammatory arthritis in these mice [25]. Therefore, neutralisation of OSM by 
antibody seems to be effective at both treating and preventing the development of 
arthritis in these two murine models of RA [25]. Other studies have shown contra-
dicting results: when mice were administered human OSM it appeared to ameliorate 
symptoms in a mouse model of inflammatory arthritis [26]. However, it is important 
to remember that human OSM does not bind to the murine OSM receptor, it only 
binds to the murine LIF receptor [27]; therefore, the anti-inflammatory actions seen 
in this model should be interpreted with caution, as they only represent the results 
of signalling through the LIF receptor [27].

Clinical development of compounds to target OSM for RA are at very early 
stages. Scientists from GlaxoSmithKleine have reported the development of RNA 
aptamers, which are potent and selective antagonists of human OSM, prevent-
ing it binding to its gp130 receptor. In HepG2 reporter gene experiments these 
aptamers were shown to be capable of functionally antagonising OSM. These 
compounds could be used to probe the role of OSM in RA and other inflamma-
tory conditions and might be developed as therapeutic agents in their own right 
[28].

Conclusions

OSM is a pleiotropic cytokine whose net actions in the rheumatoid joint appear to 
be pro-inflammatory. One of the most important actions of OSM is to act alone 
or synergistically with other proinflammatory cytokines (IL-1, TNF- ) to increase 
the ratio of MMPs:TIMPs. This results in catabolism of cartilage and bone, which 
is crucial for joint erosion and destruction. In addition, OSM appears to have an 
important role in angiogenesis. Angiogenesis within the rheumatoid pannus is not 
only essential to support the proliferation of the pannus but also promotes inflam-
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matory cell infiltration of the joint in conjunction with endothelial cell activation. 
Neutrophils, macrophages and T cells once recruited to the rheumatoid joint act 
as a source of further OSM, potentially causing a positive feedback loop that may 
result in the chronic inflammation characteristic of RA.

The actions of OSM vary subtly, depending both on the species and the microen-
vironment. Like other cytokines, its actions are modulated by other cytokines that 
are inevitably co-expressed within the rheumatoid joint and its effects should be 
understood within the context of both species and microenvironment. The effects of 
OSM in RA and on inflamed rheumatoid joints suggest that this cytokine might be 
a suitable candidate for development as a therapeutic target for the future.
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Abstract

Rheumatoid arthritis (RA) is a systemic inflammatory disease that mainly affects the synovial tis-
sues of joints. As in other autoimmune-related disorders, neither the etiology nor the pathogenesis 
of RA has as yet been completely unraveled. It is generally accepted, however, that autoimmune 
disorders develop through a combination of the individual genetic susceptibility, environmental 
factors, and dysregulated immune responses. Genetic predisposition has been described in RA, in 
particular as “shared epitope”, a distinct sequence of amino acids within the antigen-presenting 
peptide groove of the major histocompatibility complex. Imbalanced immunity is reflected by the 
production of autoantibodies and the accumulation of reactive helper T cells within the rheuma-
toid synovium. In addition, environmental factors have been postulated as disease-modulating 
agents, including smoking, nutrition and infectious agents. So far, these factors have been studied 
almost exclusively as separate agents. However, gene transcription might be affected by ageing 
and environmental effects (such as nutrition and infections) – without changes in the nucleotide 
sequence of the underlying DNA. These patterns of alterations in the gene expression profiles are 
called “epigenetics”. The term epigenetics is used to refer to molecular processes that regulate 
gene expression patterns but without changing the DNA nucleotide sequence. These epigenetic 
changes comprise the post-synthetic methylation of DNA and post-transcriptional modifications 
of histones, including methylation, phosphorylation, ubiquitination, sumoylation, biotinlyation 
and, most importantly, deacetylation and acetylation. With respect to the complex pathogenesis 
of rheumatic diseases, the “epigenome” is an emerging concept that integrates different etiologies 
and, thus, offers the opportunity for novel therapeutic strategies. Based on the fact that current 
therapies have not resulted in an ACR70 above 60% and have never been targeting the activated 
synovial fibroblast, novel therapeutic strategies should target the epigenetic pathways of synovial 
activation in RA.

Introduction

Less than a decade ago, the number of genes encoded within the nucleus of a single 
human cell was estimated to at least 100000 genes. Much hope for our understand-
ing of pathogenesis and treatment of diseases was put on the successful accom-
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plishment of the human genome project. It was, therefore, most surprising that the 
number of genes finally detected was quite low. Most of the 25 000 genes identified 
encode biological functions that remain undiscovered so far, and the functional 
characterization of these genes in normal physiology as well as in the pathogenesis 
of diseases remains the main issue for biomedical research in the coming years [1]. 
However, this approach through “functional genomics” might be biased by post-
replicational, post-transcriptional as well as post-translational modifications – and 
proteome diversity due to alternative splicing of mRNA transcripts and other bio-
chemical alterations somehow limits the utility of genomic information [2, 3]. The 
question how the genome integrates intrinsic and environmental factors thus might 
be answered by the emerging concept of the “epigenotype”. The term “epigenetics” 
comprises stable alterations of the genetic information that are heritable but do not 
involve mutations of the DNA sequence itself. Epigenetic regulations are mediated 
by several biochemical phenomena, most importantly, however, by “histone modi-
fications” and “DNA methylation”. Epimutations and epigenetics are required for 
development and differentiation of cells within a multicellular organism. Moreover, 
they allow a cell to respond to environmental stimuli throughout adult life by means 
of stable expression or repression of genes in specific cell types. Currently, no epige-
netic information is systematically analyzed and epigenetic modifications have not 
been assessed within the human genome project. Since epigenetics might play the 
linking role between environmental factors and genetics in determining a certain 
phenotype, the investigation of epigenetic alterations along the lines of chromo-
some-wide and promoter-specific arrays will represent an fascinating area of future 
research. Already, pilot studies for the human epigenome project have been under-
taken [4]. In this regard, the epigenome could provide a readout of an individual’s 
environmental history [5]. The conventional method of studying human diseases by 
molecular genetic approaches and additional environmental factors could soon be 
extended to a novel field of “epigenetic epidemiology”.

Within this chapter, we focus on the emerging concept of epigenetics and its 
implications for potential treatment strategies in rheumatoid arthritis (RA).

Definitions

The term epigenetics is used to refer to molecular processes that regulate gene 
expression patterns, without however changing the DNA nucleotide sequence. The 
epigenome of a cell is defined by two major groups of biochemical alterations: post-
transcriptional methylation of DNA and modifications of histones that package 
DNA and, thus, modulate the accessibility for transcription factors to information 
present on nucleic acid. These modifications are mitotically heritable and can be 
transmitted during cell division from one generation of cells to the next. Both physi-
ological and pathological responses to environmental stimuli are probably mediated 
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by epigenetic mechanisms. Even in the absence of such environmental factors, the 
epigenomic profile is reversible and highly variable, probably due to stochastic 
events in the somatic inheritance of epigenetic profiles [6]. The remarkable degree 
of variation distinguishes “epimutations” and “epigenetic changes” from “true” 
genetic mutations. From a therapeutic viewpoint, the reversibility of epigenetic 
changes finally offers the opportunity of using pharmacological strategies to revolve 
a certain phenotype [7]. The dynamic interaction between all factors involved is 
illustrated in Figure 1.

DNA methylation

DNA methylation [8, 9] in eukaryotes is a post-replication modification restricted 
to the pyrimidine base cytosine within the dinucelotide sequence CpG, which 
forms clusters of genetic regions (CpG islands) that surround the promoter region 
of protein-coding genes. Phenotypic analyses of several DNA methyltransferases 
(DNMTs) have revealed interesting mechanistic insights into epigenetic methylation: 

Figure 1
Interaction between genes (genome), epigenetics (epigenome) and phenotype (adapted and 
modified after [49]). Post-synthetic modifications of DNA are inherited (as epimutations) 
or establish during development and cell differentiation. Physiological and pathological 
responses to environmental stimuli (such as nutrition, age, and infections) are also governed 
by epigenetic mechanisms. Even in the absence of such environmental factors, the epigenom-
ic profile is reversible and highly variable, probably due to stochastic events in the somatic 
inheritance and in maintenance of epigenetic profiles.
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DNMT3a and 3b for example are de novo methyltransferases and introduce cyto-
sine methylation at CpG sites that were previously unmethylated. DNMT1 acts dur-
ing replication and cell division by copying existing methyltransferase pattern onto 
newly synthesized DNA strands. For the process of DNA methylation, DNMTs use 
S-adenosylmethionine, whose generation is mainly modulated by the availability of 
different methyl donors. Briefly, methyltetrahydrofolate governs the conversion of 
homocysteine to methionine, which is further metabolized to S-adenosylmethionine. 
Deficiencies in the enzymes involved in these processes result in hypomethylation 
of DNA. Several nutrients play key roles within this metabolism. The major dietary 
sources of methyl groups include folate, choline and vitamin B12 [10–13].

The insertion of a methyl group at position five of the cytosine ring leads 
to structural changes of chromatin and is associated with gene repression. This 
silencing function on the level of gene expression can be achieved by different 
mechanisms. Structural modifications of the DNA might block the proper docking 
of DNA-binding factors to their fitting recognition sites, thus inhibiting gene tran-
scription, whereas methyl-CpG-binding proteins (MBPs, such as MeCP2, MBD1–4) 
function redundantly as transcriptional co-repressors. Moreover, MBPs have been 
shown to interact with enzymes regulating histone modifications. This interaction 
could provide a link between different epigenetic mechanisms.

Histone modifications

Apart from DNA methylation, local chromatin architecture and, thus, transcrip-
tional regulation of gene expression is strongly influenced by covalent biochemical 
modifications subsumed under the term “histone code”. These epigenetic changes 
include post-transcriptional modifications of histones, including methylation, phos-
phorylation, ubiquitination, sumoylation, biotinlyation and, most importantly, 
deacetylation and acetylation [14–16]. “Nucleosomes” are the fundamental build-
ing blocks of the heterochromatin consisting of an octamer of four core histones 
and DNA. This octameric structure is made out of an H3-H4 tetramer and two 
H2A-H2B dimers. Histone H1 has a linker function between DNA and protein 
and governs the path of the DNA as it exits from the nucleosome. With respect to 
histone modification, the DNA of physiologically resting cells is wrapped tightly 
around the core histones, thus preventing the binding of basal transcription factors 
(e.g., the TATA box binding protein) and RNA polymerase II [17]. Gene transcrip-
tion is initiated when histones are modified to create an open, accessible form of 
chromatin. Probably the most investigated modification of the histone code is the 
(de)acetylation of core histones. Histone acetylation is performed by histone acetyl-
transferases (short: histone acetylases, HATs) that neutralize positive charges at the 
 amino groups of lysine residues at the N termini. Hyperacetylation of histones is 

generally associated with enhanced rates of gene transcription. Conversely, the space 
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between histones and surrounding DNA is reduced by de- and hypoacetylation, and 
transcription factors are sterically hindered from binding, leading to gene silencing. 
Taken together, the gene transcription rate is regulated by the balance between his-
tone acetylation and histone deacetylation. The targeted deacetylation of histones 
is performed by several multisubunit enzyme complexes, i.e., histone deacetylases 
(HDACs) [16, 18]. Figure 2 shows the dynamic interplay of epigenetic mechanisms 
between states of silent and transcriptionally active chromatin.

Eukaryotic members of the HDAC family can be divided into three major 
groups, of which class I and class II HDACs so far comprise the best characterized 
classes with respect to function. The class I comprises HDAC1–3 and 8, and localize 
almost exclusively within the nucleus to exert their function. HDACs 4–7, 9, and 
10 are subsumed under the term class II HDACs, which are mainly found in the 

Figure 2
The dynamic balance between silent and transcriptionally active chromatin (modified after 
[23]). Histone deacetylases (HDACs), DNA methyltransferases (DNMTs) and methyl-CpG-
binding proteins (MBPs) provide gene repression, whereas transcription factors (TFs), histone 
acetyltransferases (HATs) and HDAC inhibitors (HDACi) lead to enhanced gene transcription 
rates. Disturbances and changes in one or more of these components shift the balance to any 
side of gene expression.
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cytoplasm and are shuttled into the nucleus when needed. Whereas class I HDACs 
are expressed in most cell types, the expression pattern of class II HDACs appears 
to be tissue-specific, indicating a possible role in cellular differentiation and develop-
ment. HDACs remove the acetyl group from the nucleosomal core histones using 
a sophisticated charge-relay system using Zn2+ ions as prosthetic group. HDAC 
inhibitors such as Trichostatin A (TSA) fit into the active catalytic pocket of the 
enzyme, exchange the zinc ion and, thus, make the system dysfunctional [14, 19].

HATs, on the other hand, comprise a family of proteins that catalyze the acety-
lation of lysine residues of one of the core histone proteins [20–22]. Traditionally, 
HATs are categorized in two groups based on their subcellular localization: type A, 
located in the nucleus and type B, located in the cytoplasm. Nuclear type A HATs 
acetylate nucleosomal histones within chromatin in the nucleus, and thus type A 
HATs are related to transcriptional regulation processes. On the other hand, type B 
HATs acetylate newly synthesized free histones in the cytoplasm. Since recent data 
indicate that HAT activity can also be induced in multiple protein complexes that 
are related to transcriptional processes, this historical categorization is no longer 
used. Amino acid sequence analyses of all HAT proteins revealed the important fea-
ture that HAT proteins fall into distinct families that share relatively poor sequence 
similarity. All three superfamilies (GNAT, MYST and p300/CBP-HATs), however, 
have a highly conserved acetyl-CoA binding site in common.

The best-understood family of HATs is the GNAT [general control non-dere-
pressilble-5 (Gcn5)-related N-acetyltransferase] superfamily. Humans express two 
Gcn5-like acetyltransferases: Gcn5 and PCAF (p300/CBP-associated factor). Both 
of these proteins can interact with another HAT protein complex, i.e., p300/CBP. 
P300/CBP is a ubiquitously expressed, global transcriptional co-activator that 
regulates cell cycle, differentiation and apoptosis. The HAT activities of p300/CBP 
enables the transactivation of DNA binding transcription factors (p53, E2F, myb, 
GATA1, Rb) as well as the acetylation of all four histone proteins. Mutations in the 
HAT active site inhibit their transcriptional activating function.

The MYST family of HATs is particularly interesting as these proteins show 
similarity with other acetyltransferases exclusively within the acetyl-coenzyme A 
binding motif. The members of the MYST family in this HAT group are: MOZ 
(monocytic leukemia zinc finger protein), Ybf2/sas3, Sas2, and Tip60. MOZ is 
involved in the chromosome translocations associated with acute myeloid leukemia. 
MOZ acts as a transcriptional coactivator for AML1, which is essential for estab-
lishment of definitive hematopoiesis. An overview of the different HAT families is 
provided in Table 1.

Finally, DNA methylation and histone modifications have been considered as 
two distinct mechanisms, which influence the level of gene expression in an indepen-
dent manner. It was shown, however, that HDACs are correlated to DNA methyla-
tion, either through direct interaction of HDACS with DNMTs or by the function 
of MBPs. Another line of evidence suggesting that MBPs interact with HDAC1 and 
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HDAC2 to recruit the Sin3 corepressor protein further supports a link between 
DNA methylation and histone modifications [23]. Thus, DNMTs appear to be 
forms of dual function proteins, which are recruited by transcriptional repressors. 
On the other hand, they have a non-enzymatic function interacting with histone 
methyltransferases and HDACs, hence leading to chromatin remodeling [24–26].

Epigenetic modifications in RA

RA is a systemic disease mainly affecting the synovial tissues of joints. The process 
of ongoing inflammation and erosion of articular cartilage and subchondral bone 
causes severe pain, functional impairment and ultimately disability [27]. As in other 
autoimmune-related disorders, neither the etiology nor the pathogenesis of RA has 
yet been completely unraveled. It is generally accepted, however, that autoimmune 
disorders develop through a combination of the individual genetic susceptibility, 
environmental factors, and dysregulated immune responses [28, 29].

Genetic predisposition has been described in RA, in particular as “shared 
epitope”, a distinct sequence of amino acids within the antigen-presenting peptide 
groove of the major histocompatibility complex. Imbalanced immunity is reflected 
by the production of autoantibodies such as rheumatoid factors and cyclic citrul-
linated peptides as well as by the accumulation of reactive helper T cells within the 

Table 1. Histone acetyltransferase (HAT) superfamily (modified after [50]).

HAT 
superfamily

HAT Transcription-related 
functions

Histones 
acetylated

Interaction with 
other HATs

GNAT Gcn5
Hat1
PCAF
Elp3
Hpa2

Co-activator

Co-activator
Transcript elongation

H3/H4
H4
H3/H4

H3/H4

p300; CBP

p300; CBP

MYST Esa1
MOF
Sas2
Sas3
MORF
Tip60
Hbo1

Cell cycle progression

Silencing
Silencing

HIV Tat interaction
ORC interaction

H4/H3/H2A
H4/H3/H2A

H3/H4/H2A
H4/H3/H2A
H4/H3/H2A

p300/CBP P300
CBP

Global co-activator H2A/H2B/H3/H4
H2A/H2B/H3/H4

PCAF; Gcn5
PCAF; Gcn5
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rheumatoid synovium. In addition, environmental factors have been postulated as 
disease-modulating agents, including smoking, nutrition and infectious agents. So 
far, these factors have been studied almost exclusively as separate disease-driving 
agents. As mentioned before, however, the way genes are transcribed can be affected 
by environment, nutrition, and ageing, which influence the epigenetic patterns.

In this regard, Kim and coworkers [30] investigated whether methotrexate 
induces genomic DNA hypomethylation in patients with inflammatory arthritis. 
Methotrexate is an immunosuppressive agent, which is used in the treatment of RA 
in addition to glucocorticosteroids and biologicals. Methotrexate exerts its func-
tion by blocking the enzyme dihydrofolate reductase thus interrupting the methyl 
transfer function of folate. Within the study in question, the amount of methylated 
genomic DNA was lowest in subjects with inflammatory arthritis who were not tak-
ing methotrexate, highest in subjects with inflammatory arthritis who were taking 
methotrexate, and intermediate in control subjects. Surprisingly, these data indicate 
that inflammatory arthritis might be associated with genomic DNA hypomethyla-
tion, which can be reversed with methotrexate [30]. Since methotrexate would 
be expected to inhibit transmethylation, the results from this study are somewhat 
paradoxical. 

In an animal model of adjuvant arthritis, treatment with the combination of 
tryptophan, methionine and methotrexate caused a drastically reduced course of 
arthritis, whereas treatment with methotrexate alone exerted only a slight inhibi-
tory effect [31]. The methyl groups transferred during methylation of DNA are 
ultimately derived from methionine. Therefore, high methionine intake was sug-
gested to increase DNA methylation. Because of the distinct biochemistry within the 
methionine cycle, methylation of DNA is probably impaired under dietary excess of 
methionine by inhibiting remethylation of homocysteine [32].

Mature B lymphocytes and plasma cells express CD21 (complement receptor 
II) on the cell surface to exert their function as (auto-)antibody-producing cells. 
CD21 binds the complement component C3d, which is expressed within immune 
complexes. Interestingly, immature precursor of B cells, such as pro-, pre-, or plasma 
B lymphocytes do not express CD21, probably because they contain a methylated 
CpG island within its promoter region. When peripheral blood mononuclear cells 
and synovial fluid mononuclear cells from patients with RA were investigated, how-
ever, the CD21-CpG island was found to be demethylated [33]. These data suggest a 
role of these cells in the dysregulation of the immune response in RA patients.

It is of interest to note here that most therapies have been targeting T and B lym-
phocytes and/or monocytes/macrophages and their respective proinflammatory 
cytokines, but never the synovial fibroblast (SF), which was shown to be activated 
even in the absence of stimulating immune cells and cytokines [34]. This observation 
has prompted us to study signaling pathways in RA SFs. Since DNA methylation is 
also involved in the regulation of endogenous retroviral sequences, which have been 
suggested to play a role in the induction of autoimmune diseases, we searched for 
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the presence of such sequences. By screening RA synovial fluid pellets, a homologue 
to the human retrotransposable L1 element was found by our group [35]. Human 
L1s (or LINE-1, long interspersed nuclear elements) are poly(A)-retrotransposons 
lacking long terminal repeats. L1s contain an untranslated region (UTR) and two 
open reading frames (ORF1 and 2), the latter encoding for a protein with endonu-
clease and reverse transcriptase activity. Inhibition of the DNA methyltransfer by 
5-aza-2’-deoxycytidine induced the expression of L1s by DNA hypomethylation. It 
was further shown that three of five CpG islands of the genomic L1 5’-UTR were 
hypomethylated in RA SFs. Moreover, L1 retroelements induced the expression of 
p38 , one of the four isoforms of mitogen-activated protein kinases as well as galec-
tin-3 binding proteins [35, 36].

With respect to histone acetylation, Ito and coworkers [37] showed that reduced 
activity of class I HDAC enzymes leads to enhanced transcription of genes encod-
ing inflammatory proteins, such as tumor necrosis factor (TNF)- , interleukin (IL)-
8 and matrix metalloproteinase (MMP)-9. These studies were performed in lung 
tissue derived from patients with inflammatory and obstructive pneumopathies 
such as asthma bronchiale and chronic obstructive pulmonary disease (COPD). 
Our laboratory has investigated HDAC activity levels in total synovial tissue of 
patients with RA [38]. When we compared these samples with the respective levels 
in patients with osteoarthritis and normal synovial tissue, we found a significant 
decrease of total HDAC activity. This was probably due to reduced expression of 
HDAC 1 and 2 proteins in synovial tissue. Conversely, several studies have pro-
posed HDAC inhibitors as beneficial agents for the treatment of RA and other 
inflammatory processes [39, 40]. 

It remains unclear whether the observed reduction in HDAC activity is “the 
chicken or the egg” in the pathogenesis of RA, and it cannot be excluded that the 
reduced HDAC activity levels reflect an epiphenomenon of ongoing inflammation 
[38]. Evidence for a key role of histone modifications is based on the fact that the 
pro-inflammatory transcription factor nuclear factor-kappa B (NF- B) is highly 
activated in RA synovial cells (for review see [24]). Since Ito et al. [41] have further 
shown that HDAC 2 suppresses the NF- B-mediated gene expression, we speculate 
that class I HDACs appear to act upstream of NF- B and other related transcription 
factors in RA. Thus, HDAC activity appears to play a key role in the pathogenesis 
of autoimmune-related joint diseases.

Jungel and coworkers [42] have finally shown that co-treatment of RA SFs with 
the HDAC inhibitor TSA and TNF-related apoptosis inducing ligand (TRAIL) 
induced programmed cell death (apoptosis) in a synergistic manner. When used 
alone, TRAIL and TSA exhibited no or only a modest effect.

Regulatory T cells (Tregs) have been thought to be of potential benefit for the 
treatment of autoimmune diseases, and Foxp3 has been proposed as a master regu-
lator governing both development and function of CD4+ T lymphocytes. In this 
regard, it was recently shown that the expression of Foxp3 has to be stabilized by 
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complete demethylation of CpG islands within this promoter region to develop a 
permanent suppressor cell lineage. These findings might be of clinical importance 
with respect to the therapeutical transfer of Tregs in autoimmune diseases [43].

Taken the data on epigenetic modifications on RA SFs together with the fact that 
all current therapies, including the novel biologicals, do not result in an ACR70 
greater than 60%, and that the RA SF has never been targeted by any therapeutic 
strategy, future efforts should be given to target the activated RA SFs [44].

Perspectives

The current method of investigating the pathogenesis of diseases includes molecular 
genetic analyses to identify disease-specific gene sequences on one side and epide-
miological approaches to detect potential environmental factors on the other. These 
efforts have only been partly successful in finding explanations for the complex 
pathogenesis of autoimmune-related diseases such as RA. Epigenetic modifications 
thus appear to play pathogenetic key roles in genetically predisposed individuals. 
Distinct from genetic mutations, which are permanent, epigenetic alterations show 
an intrinsic plasticity and might well be targeted by pharmacological strategies. 
Various drugs that modulate the epigenetic reactions in RA have already been tested 
in vitro and in animal models. In particular, targeting DNA methylation and his-
tone acetylation are clearly within future therapeutic prospects. Several epigenetic 
drugs have also been approved by the FDA, in particular for clinical trials address-
ing the treatment of malignancies (reviewed in [45]). Nucleoside analogues such as 
azacytidine as well as the first orally bioavailable inhibitor zebularine inhibit DNA 
methylation by being incorporated into replicating DNA. These agents have been 
tested successfully in the treatment of hematological cancers and myelodysplastic 
syndromes. Another group of DNA methylation inhibitors includes non-nucleoside 
analogues that inhibit DNMT enzyme activity to exert their function. These drugs 
are already in clinical use and comprise the anesthetic agent procaine, procainamide 
(an anti-arrhythmic compound) and the anti-hypertensive drug hydralazine. It has 
been reported that these agents cause global DNA hypomethylation in cancer cells 
as well as T lymphocytes in different experimental systems. On the other hand, 
various HDAC inhibitors are currently in Phase I/II clinical trials. These inhibitors 
include TSA, suberoylanilide hydroxamic acid (SAHA), valproic acid, phenylbu-
tyrate and others. SAHA, for example, was accepted by the FDA only recently for 
the treatment of advanced cutaneous T cell lymphoma. Other studies have revealed 
strong anticancer activities of HDAC inhibitors and feasible pharmacokinetic prop-
erties for the treatment of hematological tumors. However, it is important to stress 
that all inhibitors, which are currently used, block the different HDAC enzymes 
without any preference for specific isoforms. To provide a more specific approach 
for future therapies, novel compounds have to be developed.
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In addition, the combination of agents that block both DNA methylation and 
histone modifications might be of therapeutical interest. TSA, which has long been 
considered as a specific histone deacetylase inhibitor leading to histone hyperacety-
lation and activation of unmethylated gene sequences, has been shown to induce 
systemic and replication-independent demethylation of DNA [46]. The results from 
this study should be taken into account when novel, TSA-related epigenetic drugs 
are designed. 

Finally, dietary recommendations for putative epigenetic drugs as found in green 
tea, garlic, broccoli and other phytochemical compounds [47, 48] might be an addi-
tional option apart from pharmaceutical interventions.

Until then, however, novel biologicals that reverse the epigenetic pattern have to 
be designed. Moreover, hurdles facing in vivo efficacy and toxic side effects have to 
be overcome. The epigenotype has to be investigated, along the line of chromosome-
wide and promoter-specific arrays, especially with respect to the activated RA SFs. 
This will open the scope for future therapies and might push epigenetic inhibitors as 
potent agents to treat or prevent disease on an individual basis.
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Abstract

Targeted therapeutic agents have changed the landscape of therapy in rheumatoid arthritis (RA). 
They have also provided valuable insights into the utility of animal models for development of 
targeted therapies, clinical trial design, pharmacodynamics, immunobiology and key pathogenic 
elements of disease. Studies of chimeric anti-CD4 monoclonal antibodies in RA demonstrated the 
need for pre-clinical studies to more closely approximate the human therapeutic paradigm as well 
as the importance of synovium as an appropriate pharmacodynamic window to predict efficacy 
and adverse side effects of the agents. Targeted therapies have been instructive in discerning the 
importance of TNF, IL-1, IL-6, IL-15 and RANKL in the pathological process themselves, such as 
the uncoupling of inflammation and structural damage. Current trends in the use of targeted thera-
peutics include aggressive earlier use, combination with methotrexate, use in moderate rather than 
severe disease, tight control as well as induration and maintenance regimes. Despite therapeutic 
advances with target therapies a number of unmet needs exist, including a low remission rate, cost 
and inadequate access as well as the lack of biomarkers to predict response and safety concerns. 
Despite this, target therapies have revolutionized the treatment of RA. In addition to having a 
substantial effect on clinical outcomes, a number of valuable lessons have been learned.

Introduction

An improved understanding of the pathogenesis of rheumatoid arthritis (RA) 
coupled with recent advances in biotechnology has led to selective targeting of the 
pathogenic elements of disease utilizing biological agents. As a consequence of the 
development of targeted agents there has been an explosion in the number of disease 
modifying agents (DMARDS) approved for the treatment of RA. Prior to 15 years
ago, a new DMARD was introduced about every 15 years. Over the last 15 years 8 
DMARDS have reached the marketplace – 6 of which are biological targeted thera-
pies. Studies of these biological agents have provided extremely valuable insights 
into the utility of animal models for development of targeted therapies, clinical trial 
study design, pharmacodynamics human immunobiology, and key pathogenic ele-
ments of disease.
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Insights

Proof of efficacy of therapeutic agents in animal models of RA is used to predict 
efficacy in human disease. Despite this, there are numerous instances in RA where 
pre-clinical data were not reflective of the human situation. Agents demonstrating 
benefit in rodent models of RA, but not in RA, include anti-ICAM-1 and anti-IL-8 
monoclonal antibodies (mAbs), as well as immunomodulators IL-4, IL-10 and IL-11 
(reviewed in [1]). One notable example of the discord between pre-clinical studies 
and results in humans was the anti-CD4 T cell-depleting mAb. Despite efficacy in 
several pre-clinical models of RA, anti-CD4 mAbs were shown not to be beneficial 
in RA [2–5]. However, a number of valuable insights were gained into the pharma-
codynamics of immune cell depletion with anti-CD4 mAbs that were not predicted 
by the animal models. Thus, although profound depletion of circulating CD4+ 
T cells was observed, synovial T cells were still detected, suggesting that the phar-
macodynamic window correlating with therapeutic effect was the synovium and not 
the circulation [6]. This concept was supported by the positive correlation between 
anti-CD4 mAb coating of synovial fluid cells, but not circulating CD4+ T cells, with 
therapeutic benefit [7].

T cell-depletion studies appeared to demonstrate substantial differences in T cell 
biology in mouse and humans. Thus, despite short-term depletion of CD4+ T cells 
in rodent models, profound long-term depletion of circulating CD4+ T cells was 
observed in humans [8]. Of significance, the prolonged T cell depletion observed 
with anti-CD4 mAbs was actually predicted by pre-clinical data. Thus, whereas 
short-term CD4+ T cell depletion was demonstrated with an anti-CD4 mAb in 
young mice, prolonged depletion of CD4+ T cells was observed in older mice with 
an age comparable to that of mAb-treated RA patients. In addition, pre-clinical 
models showed more T cell cytotoxicity with a chimeric mAb than with a heter-
ologous counterpart . Thus, chimeric anti-CD4 mAb studies in animal models of 
RA appeared to reflect the human situation and may have predicted the prolonged 
T cell depletion in RA. The results provide an important insight into the need for 
pre-clinical studies to more closely approximate the human therapeutic paradigm.

The importance of an appropriate pharmacodynamic window was emphasized 
by the failure to observe an increase in infection or malignancy in RA patients 
despite a profound long-term depletion of circulating CD4+ T cells well below the 
levels observed in HIV. Nowhere was the failure of pre-clinical studies predictive of 
an effect on humans more evident than in the multi-organ failure that resulted from 
infusion of an anti-CD28 mAb in a recent Phase I study [9].

As a consequence of the therapeutic failure of depleting anti-CD4 mAb in RA, 
non-depleting anti-CD4 mAbs were evaluated. Initial studies were carried out with a 
primatized IgG4 mAb in which the first generation mAb demonstrated good clinical 
benefit [10]. A second trial with the same mAb generated by a different manufactur-
ing process yielded significantly reduced efficiency and caused CD4 T cell depletion 
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[11]. Although both antibodies were generated in Chinese hamster ovary cell lines, 
differences in the level of aggregation and a nonglycosylated heavy chain were 
thought to account for the results. The data demonstrate how subtle differences 
in biological agents can result in substantial differences in pharmacodynamics and 
clinical effectiveness.

The lessons learned in CD4+ T cell depletion in RA have been particularly 
helpful in allaying concerns about B cell depletion. Despite profound depletion of 
peripheral B cells with rituximab, an anti-CD20 mAb, the incidence of infection 
appears to be no greater than that observed with tumor necrosis factor inhibitors 
(TNFi) [12]. Additional insight into the relationship between circulating immune 
cell depletion and clinical efficacy was shown by the lack of correlation between 
loss of efficacy after a course of rituximab and repletion of circulating B cells [13]. 
However, when a high-throughput FACS analysis was utilized, a significant correla-
tion was observed between B repletion and RA flare. The presence of B cells within 
the synovium despite marked depletion of circulating B cells again emphasizes the 
concept of the synovium as an important pharmacodynamic window [14]. An 
analysis of synovium after rituximab treatment demonstrated a significant positive 
correlation between reduction of clinical disease and initial macrophages and plas-
ma cells [15]. The results suggest that treatment with rituximab causes an indirect 
decrease in inflammatory cells other than B cells, thus providing insight into the role 
of B cells orchestrating synovial inflammation. The correlation between the clinical 
response and synovial plasma cells suggests that rituximab exerts its effect, at least 
in part, through an effect on autoreactive plasma cells associated with autoantibody 
production. Other important insights have been gained from evaluation of synovial 
biomarkers in clinical trials of targeted therapies [16]. One of the most instructive 
lessons was derived from synovial biopsies following TNF blockade. Although the 
rapid reduction in cellularity at the site of synovial inflammation with TNF block-
ade was hypothesized to result from apoptosis of TNF-reactive cells, the clinical 
efficacy of certolizumab (a PEGylated Fab fragment of a humanized anti-TNF  anti-
body that is unable to induce apoptosis) in RA suggests that induction of apoptosis 
might not be a requirement for efficacy of TNF inhibitors in RA [17]. More recent 
synovial biopsy data suggest that rapid reduction in cellularity and inflammation 
in the rheumatoid synovium after TNF blockade is a result of dampening of TNF-
driven cytokine and chemokine cascades associated with a reduction in cellular 
recruitment and retention of inflammatory cells [18].

Synovial biopsy studies have also provided a rationale for new therapeutic tar-
gets in RA. Thus, the accumulation of CCR1 in the synovium of RA patients pro-
vided a rationale for CCR1 blockade. A small proof of concept study with an oral 
CCR1 antagonist demonstrated a marked decrease in the number of macrophages 
and CCR1-positive cells in actively treated patients associated with a trend towards 
clinical improvement even after short-term treatment [19]. To date, it is unclear 
whether blocking a single chemokine receptor is significant to ameliorate RA. 
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Taken together, the data suggest that analysis of synovial biomarkers can be used 
for screening purposes during early drug development.

Targeted therapies have also provided insight into the effect of immunomodula-
tion on different immune compartments. Several combinations of biological agents 
have shown to be ineffective in modulating synovitis at the local tissue level [20, 
21]. Yet, substantial effects have been observed on the systemic immune system as 
indicated by a significant increase in serious infectious and in some cases malig-
nancy [20, 21]. These observations point out the sensitivity of the systemic immune 
system to immunodulation compared with the local immunoreactive site such as the 
inflamed joint. The results suggest significant caution is necessary when considering 
a strategy using a combination of targeted therapies for human disease.

As with efficacy, some adverse events may have been predicted by animal mod-
els. Pre-clinical data might have predicted susceptibility of TNFi-treated patients to 
intracellular infections such as tuberculosis (Tb). Several studies of TNFi in a latent 
Tb model in mice clearly demonstrated susceptibility for Tb to disseminate [22]. 
This raises the issue of the diligence required by industry to determine risks prior to 
treatment of human disease. In addition, more pre-clinical studies involving chal-
lenge with infectious agents known to be controlled by the targeted immune element 
are needed.

Selective targeting of TNF has also provided preliminary evidence for the role of 
TNF in tumor surveillance. Despite a substantial body of data demonstrating that 
immune modulation is not generally associated with non-cutaneous solid tumors, 
studies with TNFis have challenged this notion. The increase in solid malignancies 
observed in association with the combination of the subtle TNF receptor (etaner-
cept) and cyclophosphamide as well as high-dose infliximab has been sobering [23]. 
The results of the metanalysis of anti-TNF mAbs by Bongartz, although controver-
sial, have enhanced our index of suspicion for the possibility that TNFi may increase 
the risk of solid tumors [24].

Some adverse events of targeted therapies may not be predicted in the animal 
models of disease. Recent reports of multifocal leukoencephalopathy with anti-
VCAM-1 (natalizumab) in patients with multiple sclerosis [25] and with rituximab 
in patients with systemic lupus erythematosus [26] highlight this concept. They 
emphasize the need for long-term safety surveillance, to detect rare adverse events. 
Although numerous long-term databases of biologicals have been established 
across the globe, differences in criteria to initiate a biological, the surveillance 
data collected, validation and monitoring techniques, and particularly the nature 
of the non-biological controls make comparisons and/or metanalyses difficult. 
While propensity score have improved the comparability of control populations, 
more attention must be paid to disease severity (i.e., risk of damage over time) and 
disease activity over time. More precise data with respect to the reason for failure 
of a DMARD or biological, i.e., efficacy versus safety, and the adequacy of a treat-
ment course must be taken into consideration. Data on progression of structural 
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damage, genomics and biomarkers in conjunction with high quality clinical data 
are needed.

A recent review of the lessons learned from therapies with biologicala has 
emphasized the role of Fc R receptors in predicting differences in the outcome of 
therapies having the same target (reviewed in [27]). The authors note that differ-
ences in efficacy and adverse event profiles of mAbs can be predicted based on 
Fc R polymorphisms. Additionally, they point out the association of disease and 
infectious susceptibility with specific Fc R polymorphisms. Although target antigen 
specificity is the major influence on the benefit risk profile of therapies, the conse-
quences of mAb binding are influenced Fc design. The authors conclude that disease 
indication should determine Fc design and that collecting information in clinical 
trials of Fc R genotype would be useful.

One of the most valuable attributes of targeted therapies is the dissection of key 
pathogenic elements of disease. Therapeutic studies have clearly delineated some of 
the key cytokine mediators in the pathogenesis of RA, including TNF [28–30], IL-6 
[31], and RANKL [32]. Disorders such as psoriasis, psoriatic arthritis, colitis and 
sarcoidosis have also benefited substantially by selective targeting. The role of T 
and B cells in the pathogenesis of RA has been clarified through the clinical benefit 
derived from CTLA4 Ig [33] and anti-CD20 mAb [34], respectively.

When a particular molecular entity is addressed by a targeted therapeutic agent, 
significant insights have been provided into the pharmacodynamic/pharmacoki-
netic properties of the agents as well as disease pathogenesis. Thus, differential 
clinical benefit has been observed with agents targeting the same molecular entity. 
While anti-TNF mAbs, infliximab and adalimumab as well as etanercept, a soluble 
TNFR-Fc fusion protein demonstrated clinical benefit in RA, only the anti-TNFm 
Abs demonstrated benefit in Crohn’s disease, sarcoidosis, and Wegener’s granulo-
matosis [35]. Studies are currently underway to address mechanisms accounting for 
these clinical differences to gain a better understanding of the pathogenesis of these 
disorders. The efficacy of a PEGylated humanized Fab’ fragment targeting TNF in 
Crohn’s disease provides additional insights into the mechanism of action of TNFi 
as well as disease pathogenesis [36]. A striking example of the insight provided 
by targeted therapy on the pathogenetics of disease is the amelioration, in part, of 
multiple sclerosis by rituximab – a B cell-depleting agent [37]. While the rationale 
for the use of a B cell-depleting agent in patients with multiple sclerosis (previously 
considered a T cell driven disease) is unclear, the result suggests that classifying 
diseases as either T cell or B cell directed may be all too naïve. Together these data 
emphasize the utility of targeted therapeutic approaches to dissecting the pathogenic 
elements of disease.

Immunogenicity of targeted biological therapies was expected but has still gen-
erated a few surprises. The relatively low immunogenicity of chimeric mAbs (i.e., 
infliximab) particularly with methotrexate (MTX) has been particularly rewarding 
[38]. Over time and with an increased frequency of infusion, reactions particularly 
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with monotherapy or after a time gap between infusions have been observed [39]. 
The reason why one TNFi, infliximab, reduces a sustained efficacy while another, 
adalimumab, reduces initial efficacy is still not clear. A reduction in human anti-
chimeric antibodies has been accomplished though the use of high doses of TNFi 
and regular periodicity of infusions. It is of interest that despite IgG Fc components 
of soluble receptors, such as TNFR-Fc (etanercept) or CTLA4 Ig (abatacept), little 
effect of immunogenicity on efficacy or safety has been reported. More surprising 
was the generation of neutralizing antibodies against the “fully human” anti-TNF 
mAb, adalimumab. These antibodies against adalimumab are associated with lower 
serum adalimumab concentrations and a lack of response to adalimumab treatment 
[40]. Taken together, the data provide a clear signal that the efficacy of any mAb, 
regardless of the degree of humanization, is likely to be influenced by immunoge-
nicity.

The development of biologicals has had a significant effect on clinical trial 
design. Anti-CD4 mAb therapy was one of the first unique approaches to RA treat-
ment. Although eight open label studies demonstrated promising results in 60–75% 
of patients, randomized placebo-controlled trials of both murine and chimeric anti-
CD4 mAbs demonstrated no clinical efficacy (reviewed in [41]). The results likely 
reflected an expectation bias on the part of the investigator and patients [42]. As a 
consequence of these observations, Phase I trials were blinded thereafter to avoid 
this pitfall.

Targeted therapies have been instructive not only in discerning the elements 
that are pathogenic in RA but have also in defining the mechanisms involved in 
the pathological processes themselves. One striking example of the latter was the 
discovery of a significant uncoupling of inflammation (as determined by joint swell-
ing) and structural damage (assessed radiographically) particularly with biologicals. 
Numerous studies have demonstrated that, despite a similar degree of joint swell-
ing in patients treated with MTX or a TNFi, striking differences in radiographic 
progression are seen [43–45]. Moreover, TNFis have demonstrated superior inhi-
bition of radiographic progression at every level of response and disease activity 
state achieved. The minimal radiographic progression that occurs in TNFi-treated 
patients in a low disease activity state, in contrast to MTX where progression 
continues, suggests the possibility that a low disease activity state in patients that 
are comfortable with their symptoms may be an acceptable therapeutic target. In 
patients receiving MTX alone, remission would still be the only acceptable target. 
Future studies evaluating a low disease activity state in terms of progressive defor-
mity, disability and cardiovascular outcomes are needed. The data suggest that the 
pathogenic elements leading to inflammation are not identical to those leading to 
structural damage in the joints. It is conceivable based on these data that TNF is a 
critical cytokine in causing structural damage, while cytokines in addition to TNF 
play a significant role in generating inflammation. Further studies utilizing more 
sensitive imaging techniques, such as ultrasound and MRI, may provide further 
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insight into the observed dissociation. The capability of selective targeting of the 
elements leading to structural damage in RA has also shown us that healing of 
damage is possible.

Recent studies of early use of targeted biological agents suggest the possibility of 
a window of opportunity in RA to change the course of disease. Thus, virtually all 
patients achieving low disease activity with the initiation of combination of MTX 
and infliximab were able to continue on low-dose MTX after discontinuation of inf-
liximab for up to 3 years [46]. A significant caveat to the concept of induction and 
maintenance is the recent demonstration of an inability to discontinue infliximab in 
patients with baseline characteristics suggesting a poor prognosis [47]. These find-
ings suggest that only patients who had a good prognosis and were likely to respond 
well to MTX were able to discontinue infliximab. More importantly, 26% of 
patients achieving low disease activity were able to discontinue all DMARDs. This 
contrasts with the inability of patients initiating MTX only to discontinue the drug 
even when progression from undifferentiated arthritis to RA is prevented [48].

Current and future treatment strategies

TNFis have dramatically changed the therapeutic paradigms in RA. They have 
resulted in markedly improved clinical outcomes with a substantial reduction in 
irreversible structural damage. As a consequence of TNFi, the therapeutic goal in 
RA of complete remission including clinical, laboratory and imaging outcomes is 
now achievable. The success of TNFi has led to their earlier and increased use, esti-
mated in the USA to constitute as much as 35% of DMARD-treated RA patients. 
Longer term experience with efficacy and safety of TNFi will undoubtedly increase 
their use further. Currently, the therapeutic paradigm in the treatment of RA is the 
initiation of MTX to a dose of 15–25 mg for 3–6 months followed by initiation of 
a TNFi in MTX inadequate responders. If an adequate response is not achieved, the 
trend is to switch to another TNFi, before the use of a newly approved biological 
such as abatacept or rituximab is recommended.

A significant trend in clinical practice where TNFis are readily accessible is their 
use in patients who have more moderate disease activity unlike those in clinical tri-
als where the majority of patients had severe disease activity. Retrospective analyses 
of clinical trial patients as well as those in surveillance databases of clinical practice 
with moderate RA have shown marked improvement in the outcomes of patients 
moderate RA patients, with a considerably larger proportion of patients achieving 
a low disease activity or remission state compared with patients who initially had 
severe disease activity [49]. Of note, the methodology used to determine response to 
therapy, i.e. ACR responses, significantly underestimates the proportion of patients 
achieving a low disease activity state. Thus, ACR20 non-responders may have 
substantial reductions in their ACR core set measures such as tender and swollen 
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joints, ESR etc. This likely accounts for some of the dissociation between clinical 
and radiological outcomes in RA. Taken together, the results suggest that patients in 
clinical practice who are treated with TNFis have a much better outcome than those 
evaluated in clinical trials. The data suggest then that the outcomes in clinical trials 
do not reflect those in clinical practice. These results have important implications 
for the field. The data suggest that pharmacoeconomic analyses of TNFi should be 
performed on patients initiating therapy with moderate RA to more closely approxi-
mate the situation in clinical practice. Such analyses will likely show a more marked 
pharmacoeconomic benefit than has been observed with clinical trial population. 
This could substantially enhance the access to TNFis by the payers. The data also 
suggest that the unmet need for new therapies in the context of TNFi availability 
may not be as great as previously thought. A concept that is likely to drive biologi-
cal use is that of an imaging remission in addition to clinical remission. Improved 
imaging technology (MRI and ultrasound) has resulted in better detection of syno-
vitis compared with the clinical exam. Increased use of these techniques for detect-
ing synovitis coupled with a greater expectation on the part of rheumatologists to 
achieve a remission will increase the tendency to aggressively treat patients even in 
a low disease activity state.

Given their substantial clinical and radiographic efficacy, current TNFis will 
remain the first line targeted therapy. They have raised the bar for more agents 
currently in development. This concept is supported by the second line use of both 
abatacept and rituximab: after TNFis-abatacept because of a more modest radio-
graphic outcome, and rituximab because of safety issues associated with retreatment 
and use of another biological in the case of rituximab failures while B cells remain 
depleted.

With the realization that rapid progression of structural damage occurs in early 
RA, a number of novel therapeutic strategies have been developed to reduce such 
progression. The utility of initiating a TNFi and MTX early in disease has demon-
strated unequivocally the superiority of combination therapy over monotherapy. 
Unfortunately, the pharmacoeconomic data to support its use in very early RA are 
still inadequate. The use of tight control strategies has escalated in recent years. Its 
beneficial affect has been demonstrated but issues such as time to optimal response 
and target endpoints require further clarification. Although substantial data support 
TNFi switching, a number of confounders mar their interpretation. These include 
the small sample size, short duration of studies, poorly defined outcomes, the single 
center studies and most particularly, the lack of controlled studies. The issues above 
coupled with inadequate information concerning the optimization of dose and dura-
tion of prior TNFi therapy confounds the interpretation of the studies. Controlled 
trials are clearly warranted.

The future of targeted therapies in RA over the next 10 years is difficult to pre-
dict. However, a number of factors will drive utilization. A key driver will continue 
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to be cost and hence access to expensive biologicals. The increasing co-payment for 
agents funded by private payers, coupled with rising costs will dominate any discus-
sion of utilization. Over the next several years, approval is expected of novel agents 
interfering with new targets such as anti-IL-6 receptor mAb (tocilizimab) and anti-
RANKL mAb (denosumab). The results of several novel B cell-depleting agents are 
encouraging. Whether low-cost TNFis can be generated with small molecule agents 
or a PEGylated anti-TNF-directed Fab fragment, i.e., certolizumab, by cheaper tech-
nology remains unclear. The failure to develop small molecule inhibitors of signal 
transduction (i.e., p38) has been discouraging; however, recent preliminary data 
from studies of the small molecule inhibitor of JAK3 have generated excitement in 
the field. Other targets in development that  are currently being evaluated include 
IL-15, IL-17 and vascular endothelial growth factor, and B cell-stimulating factors, 
i.e., BLYSS and APRIL.

Despite therapeutic advances with targeted therapies, there are a number of 
unmet needs. Although many patients now achieve a low disease activity state with 
the new therapeutic regimens, fewer achieve complete remission. Sensitive imaging 
techniques suggest that these patients still have subclinical synovitis with the poten-
tial for further structural damage. Further research is need to define the imaging 
thresholds for progressive structural damage and loss of function. Cost remains a 
barrier to accessing current targeted therapies, and is a key concern; what is even 
more worrisome is the reluctance of the majority of rheumatologists to embrace the 
use of targeted therapies despite their excellent risk/benefit profile. Even ~10 years 
after approval by regulatory authorities, 80% of biologics are prescribed by ~20% 
of rheumatologists even where access is not a barrier to use. Whether this imbalance 
in prescribing habits reflects over aggressive therapy by early adopters or under-
utilization by slow adopters needs to be clarified. A critical unmet need with respect 
to agents where cost and access is an issue is the need for biomarkers to predict 
appropriate utilization in the patient based on efficacy and safety concerns. The 
imprecision of physician-driven outcomes and modest correlation with long-term 
structural damage and disability supports the need for surrogate markers for both 
disease activity and severity. While many biomarkers are available, few surrogates 
exist.

In summary, targeted therapies have made an enormous impact in the field 
of rheumatology, particularly for RA. They have substantially reduced signs and 
symptoms of disease, improved function and quality of life, and prevented structural 
damage and hence disability. They have been hugely instructive in the immunology 
of disease and normal human biology. With the evolution of small molecule inhibi-
tors, further advances in biotechnology and a better understanding of the intricacies 
of the pathogenic processes in RA, there should be a time when cost is no longer 
the driver for these novel therapies and access is no longer the barrier to complete 
remission.
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