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Rheumatoid arthritis (RA) is a symmetric
polyarticular arthritis that primarily affects the
small diarthrodial joints of the hands and feet.
In addition to inflammation in the synovium,
which is the joint lining, the aggressive front of

tissue called pannus invades and destroys local articular
structures. The synovium is normally a relatively acellular
structure with a delicate intimal lining. In RA, CD4+ T
cells, B cells and macrophages infiltrate the synovium and
sometimes organize into discrete lymphoid aggregates with
germinal centres (Fig. 1). Hyperplasia of the intimal lining
results from a marked increase in macrophage-like and
fibroblast-like synoviocytes. Locally expressed degradative
enzymes, including metalloproteinases, serine proteases
and aggrecanases, digest the extracellular matrix and
destroy the articular structures. RA occurs in 0.5–1.0% of
the adult population worldwide, although the prevalence
may have changed substantially in Europe since the
Renaissance (see Box 1).

Era of rheumatoid factor and immune complexes
Prevailing notions on the pathogenesis of RA have evolved
since the mid-20th century, when the first concepts of
immune hyper-reactivity were considered. The first clue that
self-reactivity plays a key role in RA was the identification of
‘rheumatoid factor’ in the blood of affected patients.
Rheumatoid factor was observed originally by Waaler in
1939 and later rediscovered by Rose in 1948 by virtue of its
ability to agglutinate sheep red cells that had been coated
with rabbit serum. The seminal studies of Kunkel ultimately
characterized the unknown factor as an antibody that binds
to the Fc portion of immunoglobulins1. This observation led
to the logical view that RA might be an autoimmune disease
caused by self-reactive antibodies. About 80% of patients are
‘seropositive’ for rheumatoid factor, and its presence 
predicts a more aggressive, destructive course.

The primary pathogenic potential of rheumatoid factor
in RA as an initiator of immune complex-mediated disease
was formulated during the 1960s and classically described by
Zvaifler in 19732. In this model, immune complexes formed
by rheumatoid factors and perhaps other autoantibodies fix

complement and release chemotactic factors such as C5a.
Inflammatory cells are subsequently recruited to the
rheumatoid joint along a chemotactic gradient where they
are activated and contribute to local destruction. Neu-
trophils, in particular, accumulate in synovial fluid where
they engulf immune complexes and release proteolytic
enzymes.

Considerable data have accumulated to support this
hypothesis. Ultrastructural studies of cartilage reveal
immune complexes embedded in the superficial layers,
thereby providing a solid surface to facilitate neutrophil
adherence and activation. The synovium itself is a rich
source for the local production of complement proteins and
rheumatoid factor3. Despite the abundant production of
complement in RA, synovial fluid concentrations are low in
RA compared with other inflammatory arthropathies owing
to intra-articular complement consumption4. However,
many normal individuals and patients with other chronic
inflammatory diseases produce rheumatoid factor, indicat-
ing that the mere presence of the autoantibody is insufficient
for a phlogistic response. Because many immune-mediated
and infectious diseases are marked by the presence of
immune complexes, this hypothesis did not necessarily pro-
vide an adequate explanation of the unique features of RA.

Role of T cells in rheumatoid arthritis
Although the immune-complex theory could explain many
of the acute inflammatory features of RA, the prominent 
T-cell infiltrate suggested these cells are key participants. In
1976, Stastny demonstrated that RA lymphocytes proliferate
normally in allogeneic mixed-leukocyte reactions when
stimulated by normal lymphocytes5, but the patients had
deficient responses when stimulated by cells from other RA
patients. These experiments actually demonstrated genetic
similarities between RA patients and led to the discovery that
specific human leukocyte antigen (HLA)-DR genes, which
reside in the major histocompatibility complex (MHC) and
participate in antigen presentation, are associated with the
disease. The relationship between the MHC and RA is by far
the strongest genetic link in RA and has been mapped 
precisely to the third hypervariable region of DRb chains,

Evolving concepts 
of rheumatoid arthritis
Gary S. Firestein

Division of Rheumatology, Allergy and Immunology, School of Medicine, University of California, San Diego, 9500 Gilman Drive, La Jolla,
California 92093-0656, USA (e-mail: gfirestein@ucsd.edu)

Rheumatoid arthritis is the most common inflammatory arthritis and is a major cause of disability. It existed
in early Native American populations several thousand years ago but might not have appeared in Europe until
the 17th century. Early theories on the pathogenesis of rheumatoid arthritis focused on autoantibodies and
immune complexes. T-cell-mediated antigen-specific responses, T-cell-independent cytokine networks, and
aggressive tumour-like behaviour of rheumatoid synovium have also been implicated. More recently, the
contribution of autoantibodies has returned to the forefront. Based on the pathogenic mechanisms, specific
therapeutic interventions can be designed to suppress synovial inflammation and joint destruction in
rheumatoid arthritis.

“Life can only be lived forwards, but must be understood backwards.” Søren Kierkegaard

© 2003        Nature  Publishing Group



especially amino acids 70 through 74 (ref. 6). The susceptibility 
epitope is glutamine-leucine-arginine-alanine-alanine (QKRAA) or
QRRAA. This sequence is found in multiple RA-associated DR genes,
including DR4, DR14 and DR1 (for example, DRB*0401, DRB*0404,
DRB*0101 and DRB*1402). The susceptibility epitope might also
influence severity of disease, as the risk of extra-articular and erosive
disease is greater if patients have the gene and is further increased by
homozygosity7.

The location of the susceptibility epitope on the MHC molecule
suggests that it might have a role in the ability of HLA-DR to bind and
present specific arthritogenic peptides that might cause RA. The 
precise role of HLA-DR in RA could be more complex, as crystal
structures of DR molecules show that the susceptibility epitope
residues primarily face away from the antigen-binding groove of DR
molecules that determine which peptides are presented to CD4+ T
cells8. Specific peptides that bind to the DR proteins in RA patients
have not been identified9. Several alternative roles for the role of the
susceptibility epitope have been proposed (see Table 1).

The notion that T cells participate in the aetiology and pathogenesis
of RA was a key intellectual breakthrough in our understanding of the
disease10. Several animal models of arthritis commonly used to investi-

gate the mechanisms of synovitis, such as collagen-induced arthritis or
adjuvant arthritis in rodents, are clearly T-cell-dependent and provide
a link between pre-clinical and clinical investigation. This evidence is
circumstantial, however, and the arthritogenicity of an antigen in mice
is no guarantee that it has a role in the human disease. Using in vitro
proliferation assays with T cells from RA patients, many putative
autoantigens have been identified as candidate antigens. Type II 
collagen, proteoglycans, aggrecan, cartilage link protein, heat shock
proteins and many relatively specific joint antigens have been implicat-
ed by virtue of the T-cell reactivity11,12 and antibodies13,14 in RA, as well
as their ability to cause arthritis in appropriately immunized mice15.

Explaining disease perpetuation using cytokine networks
Cytokine autocrine and paracrine networks
By the late 1980s, new molecular techniques were available to measure
cytokines in RA synovium and synovial fluid, which offered an 
opportunity to confirm the role of T cells as the driving force in RA. The
most striking observation was that T-cell cytokines such as interleukin
(IL)-2 and interferon (IFN)-g were present in relatively low concentra-
tions, whereas macrophage and fibroblast products were abundant16.
Subsequent studies confirmed the unbalanced cytokine profile and
indicated that T-cell lymphokines, although detectable, were present in
low amounts compared with other antigen-mediated processes like
tuberculous pleuritis, asthma or inflamed tonsils17. In contrast, a broad
array of macrophage and fibroblast cytokines, including IL-1, IL-6, IL-
15, IL-18, tumour-necrosis factor (TNF)-a, granulocyte–macrophage
colony-stimulating factor (GM-CSF), various chemokines, and many
others, are produced by rheumatoid synovium. Interrupting cytokine
networks to treat RA using biological agents, such as anti-TNF-a
antibody, was supported by subsequent studies demonstrating 
efficacy in collagen-induced arthritis in mice18. Suppressive 
cytokines, such as transforming growth factor (TGF)-b and IL-1Ra, as
well as anti-inflammatory cytokine signalling mechanisms, such as 
the suppressor of cytokine signalling-3 (SOCS3), are expressed in RA
synovium, but at levels that are inadequate to block synovitis19.

To explain this apparent paradox, paracrine and autocrine 
networks involving factors such as IL-1 and TNF-a were proposed 
in 1990 as mechanisms that perpetuate synovitis in a T-cell-in

insight review articles

NATURE | VOL 423 | 15 MAY 2003 | www.nature.com/nature 357

Table 1 Potential role of HLA-DR in RA72–75

• Binds to arthritogenic peptides that can be presented to T cells

• Shapes the T-cell repertoire and permits escape from tolerance or survival of 
autoreactive clones

• Leads to enhanced T-cell reactivity owing to unique contacts between T-cell 
receptors and MHC molecules

• Serves as a target for autoreactive T cells owing to molecular mimicry with a 
pathogen (for example, Escherichia coli DnaJ or Epstein–Barr virus peptides)

• Closely linked to other genes in the MHC that are associated with RA

• Fails to bind peptides of an arthritogenic pathogen, leading to an inadequate 
immune response

Sublining
Intimal
lining

Figure 1 Synovial histology in
rheumatoid arthritis. A
photomicrograph (magnification
2200) shows the redundant folds of
the synovial lining and intense
infiltration with inflammatory cells in
RA. The intimal lining layer (solid
arrow) is hyperplastic, with multiple
layers of cells compared with a normal
lining that is one or two cell layers
deep. The sublining region (dashed
arrow) is marked by accumulation of
mononuclear cells such as CD4+ T
cells, macrophages and B cells.

Examination of skeletal remains from antiquity in Europe and North
Africa shows various forms of arthritis, including osteoarthritis,
ankylosing spondylitis and gout76. But characteristic rheumatoid
lesions with marginal erosions at the bone–cartilage interface of the
small joints are strikingly absent. In contrast, palaeopathological
studies of specimens dating back several thousand years show clear
evidence of rheumatoid arthritis (RA) in Native American tribes in North
America77. The prevalence of RA in the same regions today remains
extraordinarily high, with over 5% of individuals affected in some
groups. 

Evidence of RA in Europe first appeared in early 17th century art,
especially by the Dutch Masters (see Box 1 Figure below), and
Sydenham published the first case report in 1676. Although
intermittent case series were subsequently reported, the disease was
not fully recognized until it was defined by Garrod in 1859. He named it
‘rheumatoid’ arthritis to distinguish it from the two well-known forms
arthritis, rheumatic fever and gout. By the early 20th century, RA was
viewed as separate from osteoarthritis (‘arthritis deformans’). In 1957,
Charles Short described RA definitively and clearly set it apart as a
defined clinical entity distinct from the seronegative
spondyloarthropathies, crystal-induced disease, osteoarthritis,
systemic lupus erythematosus, and many other conditions.

Box 1 Figure Example of 
RA-like findings in Dutch art.
Little evidence of RA-like
disease was noted in art or
skeletal remains before the
17th century in Europe and
Northern Africa. Findings
suggestive of RA appear in 17th
century Dutch art. Detail from
La Familia de
Jordaens
en un
Jardín

by Jacob Jordaens (c. 1630) is shown. Note swelling of the
metacarpal-phalangeal and proximal interphalangeal joints
(arrows). (Image courtesy of the Museo del Prado, Madrid.)

Box 1
Origins of rheumatoid arthritis
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dependent manner20. Fibroblast-like synoviocytes and macrophage-
like synoviocytes in the intimal lining can produce factors that main-
tain inflammation by activating cells in the local environs (Fig. 2).
Adjacent cells express other cytokines, metalloproteinases, and small
molecule mediators such as prostaglandins and nitric oxide. 
Adhesion molecules are induced on endothelium, and circulating
cells expressing the appropriate chemokine receptors and adhesion
molecule receptors accumulate in the synovium. This model could
explain the accumulation of memory TH1 cells, which express the
chemokine receptor CCR5 and the integrin adhesion molecule a4b1,
and are the key effector cells in delayed-type hypersensitivity, as well
as monocytes and neutrophils without necessarily invoking a specific
antigen. The cells accumulate in the joint and might be activated by
articular antigens that are unrelated to the aetiologic factors.

Recent therapeutic interventions, including TNF-a and IL-1
inhibitors, strongly support the importance of cytokines in RA. The
mechanism of anti-TNF-a action in vivo is complex and probably
includes suppression of other pro-inflammatory cytokines,
decreased synovial cellular infiltration, interference with osteoclast
activation, and decreased angiogenesis21. Continuous anti-cytokine
treatment is required for long-term control and the disease flares
when therapy is discontinued. Therefore, a relatively simple view of
autonomous cytokine networks cannot explain perpetuation of RA
unless additional stimuli that maintain cytokine production are pre-
sent. The role of TNF-a is also not unique to RA; TNF inhibitors have
shown efficacy in Crohn’s disease, ankylosing spondylitis, psoriasis
and psoriatic arthritis. New factors have been implicated and are also
potential therapeutic targets for RA. For instance, IL-18, which is a
member of the IL-1 family and can be inhibited by IL-18-binding
protein, activates synovial macrophages and biases T cells to 
differentiate towards the TH1 phenotype22. IL-15 is produced by
macrophages and can activate T cells to increase TNF-a production
by macrophages.

More precise characterization of T-cell products and phenotype
requires modification of the cytokine network hypothesis. Careful
analysis of infiltrating synovial T lymphocytes has revealed a bias
towards TH1-like cells that express CCR5 and CXCR3 chemokine
receptors23. Small but physiologically relevant amounts of IFN-g and
the TH1 cytokine IL-17 are expressed in RA and could contribute to
immune responses, fibroblast activation and bone destruction24.
Direct cell–cell contact between memory or previously activated 
T cells and other resident synovial cells can also enhance cytokine 
and metalloproteinase production25. Therefore, chronic antigen-
dependent and -independent T-cell activation could operate 
within the rheumatoid synovium.

Role of cytokines in bone destruction
Studies using anti-TNF agents clearly show that they can slow or 
prevent the progression of bone and cartilage damage in RA26. This
activity probably involves suppression of osteoclasts in joint lesions27.
Other cytokines regulating matrix degradation have also been impli-

cated in animal models of arthritis, most notably IL-1 and IL-1728.
Perhaps the most exciting development in the pathogenesis of bone
erosions in RA relates to the discovery of osteoclast-mediated bone
resorption that is regulated by RANKL, the RANK (receptor activator
of nuclear factor (NF)-kB) ligand. RANKL is expressed by a variety of
cell types involved in RA, including T cells and synoviocytes. These
cells, in the presence of cytokines like TNF-a and M-CSF, contribute
to osteoclast maturation and activation. The soluble decoy receptor
to RANKL, osteoprotegerin (OPG), and RANKL are increased in RA,
but normalize after treatment with TNF inhibitors29.

The role of RANKL in inflammatory joint disease has been 
confirmed in several animal models. For instance, T-cell activation
leads to a RANKL-mediated increase in osteoclasts and bone loss in
rat adjuvant arthritis30. OPG administration to the arthritic animals
blocks bone destruction even though it has little effect on inflamma-
tion. RANKL-knockout mice also have diminished bone erosion in
arthritis models31. In most cases, cartilage protection afforded by
blocking RANK/RANKL system is minimal.

Mechanisms of cytokine gene expression and new therapeutic targets
Understanding the intracellular targets that regulate cytokines in RA
can potentially lead to new therapeutic interventions. For instance,
NF-kB is activated in the synovium of patients with RA32 and 
regulates genes that contribute to inflammation, including TNF-a,
IL-6, IL-8, inducible nitric oxidase synthase (iNOS) and cyclooxyge-
nase-2 (COX-2). After stimulation of innate immunity or exposure
to pro-inflammatory cytokines, the IkB kinase (IKK) signal complex
is activated in synoviocytes, leading to phosphorylation of IkB33.
IKKb is both necessary and sufficient for induction of IL-6, IL-8 and
intercellular adhesion molecule-1 (ICAM-1) gene expression. 
Targeting NF-kB is an effective therapeutic strategy in many animal
models of arthritis. For instance, rat adjuvant-induced arthritis is
suppressed by intra-articular gene therapy with dominant negative
IKKb adenoviral construct34, while decoy oligonucleotides block
streptococcal cell-wall arthritis35.

The mitogen-activated protein (MAP) kinases are also key 
regulators of cytokine and metalloproteinase production and could
also be targeted in RA. All three kinase families — extracellular 
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and
p38 — are expressed in rheumatoid synovial tissue36. All are constitu-
tively expressed by cultured synoviocytes, and exposure to 
pro-inflammatory cytokines induces rapid phosphorylation.
Upstream kinases that activate the MAP kinases, such as MKK3,
MKK4, MKK6 and MKK7, are also activated in RA synovium and can
form signalling complexes that integrate external environmental
stresses to generate an appropriate cellular response.

The MAP kinases have attracted considerable attention as poten-
tial therapeutic targets in RA. Pre-clinical studies show that p38
inhibitors are effective in murine collagen-induced arthritis, rat
adjuvant-induced arthritis, and many other models37. A selective
JNK inhibitor, SP600125, is mildly anti-inflammatory in the rat 
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Figure 2 Cytokine networks in rheumatoid arthritis.
Macrophages and fibroblasts are adjacent to one another in
the synovial intimal lining and produce cytokines that can
activate either themselves or their neighbouring cells. Pro-
inflammatory cytokines (+) and anti-inflammatory proteins (–)
are indicated. This scenario involving interactions between
mesenchymal cells and antigen-presenting cells can
participate in many inflammatory reactions and is not
necessarily specific to RA. The process is not autonomous
because cessation of anti-cytokine therapy leads to flares of
disease in RA.

© 2003        Nature  Publishing Group



adjuvant-induced arthritis, but provides striking protection against
bone and cartilage destruction38. Of the JNK isoforms, JNK2 is 
particularly important in arthritis because it is the dominant 
isoform expressed in synoviocytes. In JNK2-knockout mice, passive
collagen-induced arthritis causes less cartilage damage compared
with wild-type animals although clinical arthritis is still severe39.

The transcription factor activator protein-1 (AP-1) also regulates
many genes that participate in RA, including TNF-a and metallopro-
teinases. High levels of AP-1 binding activity are detected in nuclear
extracts of RA synovial tissue compared with osteoarthritis. Its 
components c-Jun and c-Fos are highly expressed in RA synovium,
especially in the nuclei of cells in the intimal lining layer40. Pro-
inflammatory cytokines can activate AP-1 activity in synoviocytes
and leads to massive release of metalloproteinases. AP-1 decoy
oligonucleotides suppress collagen-induced arthritis and inhibit 
IL-1, IL-6, TNF-a, matrix metalloproteinase (MMP)-3 and MMP-9
production by synovial tissue41.

One concern with therapy directed at any of these key regulatory
pathways is that they also participate in many normal cellular 
functions. The risks of toxicity or impaired host defence are signifi-
cant potential problems because alterations in innate immunity or
adaptive responses can be suppressed.

Rheumatoid arthritis as a locally invasive tumour
Autoimmune and inflammatory mechanisms account for many 
features of RA. However, relentless progression of joint destruction
in the relative absence of synovitis contributed to a parallel line of 
reasoning in the 1990s that viewed aggressive characteristics of RA
synovium as reminiscent of neoplastic tissue. For instance, RA 
synoviocytes can grow under anchorage-independent conditions
and have defective contact inhibition. Examination of X-linked genes
demonstrates oligoclonality in the synoviocyte population from RA,
but not osteoarthritis, synovium42. Permanent changes in 
synoviocyte function are also apparent in the severe combined
immunodeficiency (SCID) mouse model where RA, but not
osteoarthritis, synoviocytes invade into cartilage explants43. Synovial
dedifferentiation has also been described, including overexpression
of embryonic genes such as wnt5A that can enhance IL-15 expression

in rheumatoid synoviocytes44. As in neoplastic disease, angiogenesis
feeds the expanding synovium45.

The molecular mechanisms responsible for altered synoviocyte
function in RA could include somatic mutations in key genes. The
presence of mutations in genes like the p53 tumour suppressor,
although controversial, has been identified in RA synovial tissue and
synoviocytes46–48. Microsatellite instability, another indicator of
DNA damage, also occurs in RA synovial tissue, and may be related to
decreased expression of DNA mismatch repair enzymes such as
hMSH649. Some of the p53 mutations identified in RA are dominant
negative and are unable to regulate IL-6 or bax gene expression.
Microdissection of RA synovium localizes islands of p53 mutant cells
to the intimal lining, with higher expression of IL-6 than wild-type
regions50. DNA damage in RA and resultant mutations in regulatory
genes likely results from exposure to persistent oxidative stress in a
hostile environment. The mutations, therefore, are the result of RA
rather than the cause and potentially alter the natural 
history of RA. However, the ultimate impact of relatively small 
numbers of abnormal cells on disease progression is uncertain.

Return of immune complexes and autoantibodies
The recent fortuitous discovery of a spontaneous arthritis model in
mice that produce antibodies directed against a ubiquitous antigen,
glucose-6-phosphoisomerase (GPI), contributed to resurgent inter-
est in autoantibodies and immune complexes51. The murine arthritis
can be transferred using serum from affected mice. Elegant 
molecular studies using knockout mice demonstrate an absolute
requirement for FcgR (especially FcgRIII) and components of the
alternative complement cascade (for example, Factor B) as well as
complement proteins C3 and C552. Although the model is, in part,
dependent on TNF-a, IL-1 plays a pivotal role.

Although anti-GPI antibodies are present in many patients, they are
neither specific nor sensitive for RA53. The ability of ubiquitous antigens
like GPI to induce synovial inflammation is probably related to their
adherence to the cartilage surfaces. The presentation of immobilized
antigen–antibody complexes on cartilage provides an exceptionally
good substrate for complement fixation, similar to rheumatoid factor
embedded in rheumatoid cartilage. A similar situation occurs in
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Figure 3 A proposed model implicating multiple pathogenic mechanisms in RA.
According to this model, a step-wise progression can begin with the activation of innate
immunity by stimulating dendritic cells, macrophages, fibroblasts and mast cells. After
immune cells migrate into the synovium, an opportunity for adaptive immune
responses arises in individuals with the appropriate genetic background. While antigen
presentation can occur in the synovium, extra-articular sites can also participate if
dendritic cells migrate to lymph nodes and bias T cells to a TH1 phenotype. In the

destructive phase of disease, osteoclast activation mediates abundant bone resorption
under the influence of RANKL, while synoviocytes can invade cartilage. These
processes are not necessarily mutually exclusive. Activation of innate and adaptive
immunity can also occur in a parallel fashion (denoted by bidirectional arrows), perhaps
contributing to the patterns of disease flares and remissions. DC, dendritic cell; CCP,
cyclic citrullinated peptide; FLS, fibroblast-like synoviocyte; Mf, macrophage.
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murine passive collagen-induced arthritis, where anti-type II collagen
antibody binds to collagen arrayed on the surface of articular cartilage.

Many autoantibody systems that could participate in inflammatory
joint disease are now recognized in RA, including rheumatoid 
factor, type II collagen, immunoglobulin heavy gene binding protein
(BiP), heat shock proteins and hnRNP-33 (RA33)54. Some, like anti-
collagen antibody and rheumatoid factor, are produced by rheumatoid
synovial B cells. The mere presence of the autoantibodies in serum is
not specific for RA; instead, patterns of antigen immunoreactivity
could be pathogenic in humans (a form of autoantibody ‘signature’).
Antibodies directed against proteins containing citrulline, which 
is derived from post-translational modification of arginine by 
peptidylarginine deiminase, might be more specific for RA55.

Careful analysis of the B-cell repertoire in rheumatoid synovial
tissue suggests a local antigen-driven immune response. Most B cells
isolated from germinal centres in RA synovium have unmutated VH

genes, suggesting that they have recently migrated into the tissue and
are activated at the site of disease56. Shared mutations containing
identical sequences throughout the variable domain occur in RA 
synovial B cells, and a limited number of VH and DH gene segments
are utilized57. The subsequent gene rearrangements and mutations
implicate synovial autoimmunity directed against articular antigens.

Innate immunity also participates in antibody-mediated arthri-
tis, and mast cells are required for the disease onset of some models58.
Toll-like receptors (TLRs) can also participate. For instance, 
administration of a small dose of endotoxin, which activates TLR4,
during the pre-clinical phase of collagen-induced arthritis can
markedly exacerbate joint inflammation and destruction59. CpG
oligonucleotides can engage TLR9 and either cause arthritis directly
in rodents or enhance disease in adjuvant-induced arthritis60.

From bench to bedside
The advent of TNF inhibitors61,62 illustrates the success of applied
translational research in RA, based on characterization of cytokine net-
works and studies suggesting that TNF-aproduction might serve as an
autologous stimulus for other cytokines in RA synovium63. Although
perhaps 40% of patients have dramatic responses, the remainder have
some evidence of persistent synovitis or minimal clinical benefit. 
IL-1Ra, a natural IL-1 antagonist, has also been approved for use in the
United States. The response rates are less than for TNF inhibitors, 
perhaps because IL-1Ra is a competitive antagonist that must be pre-
sent in large excess. Numerous additional cytokine-directed agents,
such as anti-IL-6 receptor antibody, are also in clinical development,
with preliminary response rates similar to TNF antagonists. Inhibition
of IL-18 and IL-15 represents additional attractive approaches that
could block TH1 differentiation, inflammatory mediator production,
or TNF-a expression. Based on the TH1 bias of T cells in the synovium,
treatment with TH2 cytokines (IL-4, IL-10 and IL-13) was tested in
many animal models of arthritis and showed considerable promise64.
But so far, administration of IL-10, which serves as a prototypic TH2
cytokine, has met with only limited success65.

Our understanding of the signal transduction pathways implicat-
ed in RA has led to drug development programmes targeting MAP
kinase and NF-kB inhibitors. In addition, biological agents like
CTLA4-Ig, designed to interfere with co-stimulatory molecules and
antigen presentation, have been impressive and raise the possibility
that modulation of T-cell function will have therapeutic utility in RA.
Adhesion molecule inhibitors (for example, a4/b1 integrin) or
chemokine receptor antagonists (for example, CCR1 or CCR5) could
block cell ingress into affected synovial tissue. OPG might prevent or
heal bone erosions by blocking the differentiation and activation of
osteoclasts. The extracellular matrix could also be protected by
inhibiting metalloproteinases (for example, MMP13 or collagenase-
3), aggrecanases or cathepsins (for example, cathepsin K). Clinical
studies with broad-spectrum metalloproteinase inhibitors have
demonstrated limited effect on joint destruction and have been com-
plicated by some toxicity. The tumour-like properties of synovium

suggest that approaches normally reserved for oncologic diseases
might be useful in RA, including induction of apoptosis (for 
example, Fas ligation)66 and anti-angiogenesis agents.

Finally, the role of autoantibodies raises the possibility that B-cell-
specific therapy might be useful in RA. Rituximab, which targets
CD20, seems to be effective in RA, especially in combination with
cyclophosphamide, methotrexate and/or corticosteroids67. The
mechanism of action is still uncertain and might involve inhibition of
B-cell cytokines or antigen presentation, because changes in the
amount of rheumatoid factor and autoantibody do not necessarily
correlate with clinical responses. Other cytokines that are important
in B-cell differentiation, like BLyS, are also potential targets68. The use
of soluble receptors to BLyS and related proteins is effective in colla-
gen-induced arthritis. Inhibition of autoantibody production
through these mechanisms or blockade of innate immunity, such as
with C5a antagonists, have also attracted interest69.

Updated model incorporating 50 years of theories 
The various hypotheses that have attempted to explain RA over the last
half century might be re-interpreted in order to appreciate the 
complexity of the disease and the multiple mechanisms of synovial
inflammation. A multi-stage model might help integrate these con-
cepts, although it is important to note that significant temporal overlap
can occur (see Fig. 3)70. Activation of innate immunity probably occurs
early in RA and can serve as a key pathogenic mechanism that initiates
synovial inflammation. TLR agonists, including proteoglycans and
bacterial DNA, have been detected in rheumatoid synovium71. Engage-
ment of Fc receptors by autoantibodies, like rheumatoid factor and
anti-cyclic citrullinated peptide antibodies, represents an alternative
mechanism. Synovial dendritic cells activated by TLR ligands can
migrate to lymph nodes where primed T cells can be biased towards the
TH1 phenotype and, through chemokine receptors like CCR5, home to
inflamed synovial tissue. Production of cytokines and expression of
adhesion molecules after activation of innate immunity in the joint can
permit the continued ingress of immune cells. This early stage might
occur commonly in humans but is typically self-limited.

In the appropriate conditions, such as the presence of the correct
HLA-DR alleles or perhaps cytokine promoter polymorphisms, lym-
phocytes could accumulate into the transiently inflamed synovium.
Under these circumstances, the loss of tolerance related to the effects
of HLA-DR background or the T-cell repertoire might contribute to
autoreactivity to newly exposed articular antigens. Ultimately, 
long-standing disease could lead to a destructive phase that some
investigators believe can run an independent course.

This hypothesis does not presuppose a specific ‘rheumatoid 
antigen’. Instead, a variety of antigens can be targets and lead to both
T-cell activation and B-cell maturation. Hence, the progression of
disease might require a combination of stochastic events (activation
of innate immunity), pre-determined events (genetic background),
and adaptive immune responses directed against autologous 
antigens. It is also possible that recurrent activation of innate 
immunity or overlap with other elements of this model could 
participate to varying degrees during the course of disease and 
contribute to patterns of flare and remission.

Although significant therapeutic advances have greatly improved
the lives of patients with RA, the problem is hardly solved. Persistent 
disease and the accumulated disability caused by decades of inflamma-
tory synovitis remains a major clinical problem. By targeting the 
intracellular signalling pathways, cytokines, and other mediators of the
phases of RA, the residual disease could be controlled. Perhaps with
appropriate therapy the impact of RA will fade to the halcyon days of
pre-Renaissance Europe when the disease was essentially unknown. ■■

doi:10.1038/nature01661

1. Franklin, E. C., Molman, H. R., Muller-Eberhard, H. J. & Kunkel, H. B. An unusual protein

component of high molecular weight in the serum of certain patients with rheumatoid arthritis. J.

Exp. Med. 105, 425–435 (1957).

insight review articles

360 NATURE | VOL 423 | 15 MAY 2003 | www.nature.com/nature© 2003        Nature  Publishing Group



2. Zvaifler, N. J. The immunopathology of joint inflammation in rheumatoid arthritis. Adv. Immunol.

16, 265–336 (1973).

3. Neumann, E. et al. Local production of complement proteins in rheumatoid arthritis synovium.

Arthritis Rheum. 46, 934–945 (2002).

4. Ruddy, S. & Austen, K. F. Activation of the complement and properdin systems in rheumatoid

arthritis. Ann. NY Acad. Sci. 256, 96–104 (1975).

5. Stastny, P. Mixed lymphocyte cultures in rheumatoid arthritis. J. Clin. Invest. 57, 1148–1157 (1976).

6. Nepom, G. T. et al. HLA genes associated with rheumatoid arthritis: identification of susceptibility

alleles using specific oligonucleotide probes. Arthritis Rheum. 32, 15–21 (1989).

7. Weyand, C. M., Hicok, K. C., Conn, D. L. & Goronzy, J. J. The influence of HLA-DRB1 genes on

disease severity in rheumatoid arthritis. Ann. Intern. Med. 117, 801–803 (1992).

8. Stern, L. J. et al. Structure of the human class II MHC protein HLA-DR1 complexed with an influenza

virus peptide. Nature 368, 215–221 (1994).

9. Kirschmann, D. A. et al. Naturally processed peptides from rheumatoid arthritis and non-associated

HLA-DR alleles. J. Immunol. 155, 5655–5662 (1995).

10.Fox, D. A. The role of T cells in the immunopathogenesis of rheumatoid arthritis: new perspectives.

Arthritis Rheum. 40, 598–609 (1997).

11.Verheijden, G. F. et al. Human cartilage glycoprotein-39 as a candidate autoantigen in rheumatoid

arthritis. Arthritis Rheum. 40, 1115–1125 (1997).

12.Li, N. L. et al. Isolation and characteristics of autoreactive T cells specific to aggrecan G1 domain from

rheumatoid arthritis patients. Cell Res. 10, 39–49 (2000).

13.Oda, A. et al. Antibodies to 65Kd heat-shock protein were elevated in rheumatoid arthritis. Clin.

Rheumatol. 13, 261–264 (1994).

14.Rowley, M., Tai, B., Mackay, I. R., Cunningham, T. & Phillips, B. Collagen antibodies in rheumatoid

arthritis. Significance of antibodies to denatured collagen and their association with HLA-DR4.

Arthritis Rheum. 29, 174–184 (1986).

15.Courtenay, J. S., Dallman, M. J., Dayan, A. D., Martin, A. & Mosedale, B. Immunisation against

heterologous type II collagen induces arthritis in mice. Nature 283, 666–668 (1980).

16.Firestein, G. S., Alvaro-Gracia, J. M. & Maki, R. Quantitative analysis of cytokine gene expression in

rheumatoid arthritis. J. Immunol. 144, 3347–3353 (1990).

17.Smeets, T. J. et al. Poor expression of T cell-derived cytokines and activation and proliferation

markers in early rheumatoid synovial tissue. Clin. Immunol. Immunopathol. 88, 84–90 (1998).

18.Williams, R. O., Mason, L. J., Feldmann, M. & Maini, R. N. Synergy between anti-CD4 and anti-

tumor necrosis factor in the amelioration of established collagen-induced arthritis. Proc. Natl Acad.

Sci. USA 91, 2762–2766 (1994).

19.Shouda, T. et al. Induction of the cytokine signal regulator SOCS3/CIS3 as a therapeutic strategy for

treating inflammatory arthritis. J. Clin. Invest. 108, 1781–1788 (2001).

20.Firestein, G. S. & Zvaifler, N. J. How important are T cells in chronic rheumatoid synovitis? Arthritis

Rheum. 33, 768–773 (1990).

21.Feldmann, M. & Maini, R. N. Anti-TNFa therapy of rheumatoid arthritis: what have we learned?

Annu. Rev. Immunol. 19, 163–196 (2001).

22.Gracie, J. A. et al. A proinflammatory role for IL-18 in rheumatoid arthritis. J. Clin. Invest. 104,

1393–1401 (1999).

23.Qin, S. et al. The chemokine receptors CXCR3 and CCR5 mark subsets of T cells associated with

certain inflammatory reactions. J. Clin. Invest. 101, 746–754 (1998).

24.Chabaud, M., Fossiez, F., Taupin, J. L. & Miossec, P. 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, 409–414 (1998).

25.Burger, D. et al. Imbalance between interstitial collagenase and tissue inhibitor of metalloproteinases

1 in synoviocytes and fibroblasts upon direct contact with stimulated T lymphocytes: involvement of

membrane-associated cytokines. Arthritis Rheum. 41, 1748–1759 (1998).

26.Lipsky, P. E. et al. Infliximab and methotrexate in the treatment of rheumatoid arthritis. Anti-Tumor

Necrosis Factor Trial in Rheumatoid Arthritis with Concomitant Therapy Study Group. N. Engl. J.

Med. 343, 1594–1602 (2000).

27.Redlich, K. et al. Osteoclasts are essential for TNF-a-mediated joint destruction. J. Clin. Invest. 110,

1419–1427 (2002).

28.Lubberts, E. et al. IL-17 promotes bone erosion in murine collagen-induced arthritis through loss of

the receptor activator of NF-kB ligand/osteoprotegerin balance. J. Immunol. 170, 2655–2662 (2003).

29.Ziolkowska, M. et al. High levels of osteoprotegerin and soluble receptor activator of nuclear factor

kB ligand in serum of rheumatoid arthritis patients and their normalization after anti-tumor

necrosis factor a treatment. Arthritis Rheum. 46, 1744–1753 (2002).

30.Kong, Y. Y. et al. Activated T cells regulate bone loss and joint destruction in adjuvant arthritis

through osteoprotegerin ligand. Nature 402, 304–309 (1999).

31.Pettit, A. R. et al. TRANCE/RANKL knockout mice are protected from bone erosion in a serum

transfer model of arthritis. Am. J. Pathol. 159, 1689–1699 (2001).

32.Han, Z., Boyle, D. L., Manning, A. M. & Firestein, G. S. AP-1 and NF-kB regulation in rheumatoid

arthritis and murine collagen-induced arthritis. Autoimmunity 28, 197–208 (1998).

33.Aupperle, K. et al. NF-kB regulation by IkB kinase-2 in rheumatoid arthritis synoviocytes. J.

Immunol. 166, 2705–2711 (2001).

34.Tak, P. P. et al. Inhibitor of nuclear factor kB kinase b is a key regulator of synovial inflammation.

Arthritis Rheum. 44, 1897–1907 (2001).

35.Miagkov, A. V. et al. NF-kB activation provides the potential link between inflammation and

hyperplasia in the arthritic joint. Proc. Natl Acad. Sci. USA 95, 13859–13864 (1998).

36. Schett, G. et al. Activation, differential localization, and regulation of the stress-activated protein kinases,

extracellular signal-regulated kinase, c-JUN N-terminal kinase, and p38 mitogen-activated protein

kinase, in synovial tissue and cells in rheumatoid arthritis. Arthritis Rheum. 43, 2501–2512 (2000).

37.Badger, A. M. et al. Pharmacological profile of SB 203580, a selective inhibitor of cytokine suppressive

binding protein/p38 kinase, in animal models of arthritis, bone resorption, endotoxin shock and

immune function. J. Pharmacol. Exp. Ther. 279, 1453–1461 (1996).

38.Han, Z. et al. c-Jun N-terminal kinase is required for metalloproteinase expression and joint

destruction in inflammatory arthritis. J. Clin. Invest. 108, 73–81 (2001).

39.Han, Z., Chang, L., Yamanishi, Y., Karin, M. & Firestein, G. S. Joint damage and inflammation in c-

Jun N-terminal kinase 2 knockout mice with passive murine collagen-induced arthritis. Arthritis

Rheum. 46, 818–823 (2002).

40.Kinne, R. W. et al. Synovial fibroblast-like cells strongly express jun-B and C-fos proto-oncogenes in

rheumatoid-and osteoarthritis. Scand. J. Rheumatol. Suppl. 101, 121–125 (1995).

41.Shiozawa, S., Shimizu, K., Tanaka, K. & Hino, K. Studies on the contribution of c-fos/AP-1 to arthritic

joint destruction. J. Clin. Invest. 99, 1210–1216 (1997).

42. Imamura, F. et al. Monoclonal expansion of synoviocytes in rheumatoid arthritis. Arthritis Rheum.

41, 1979–1986 (1998).

43.Pap, T. et al. Invasiveness of synovial fibroblasts is regulated by p53 in the SCID mouse in vivo model

of cartilage invasion. Arthritis Rheum. 44, 676–681 (2001).

44.Sen, M., Chamorro, M., Reifert, J., Corr, M. & Carson, D. A. Blockade of Wnt-5A/Frizzled 5 signaling

inhibits rheumatoid synoviocyte activation. Arthritis Rheum. 44, 772–781 (2001).

45.Walsh, D. A., Wade, M., Mapp, P. I. & Blake, D. R. Focally regulated endothelial proliferation and cell

death in human synovium. Am. J. Pathol. 152, 691–702 (1998).

46.Firestein, G. S. et al. Somatic mutations in the p53 tumor suppressor gene in rheumatoid arthritis

synovium. Proc. Natl Acad. Sci. USA 94, 10895–10900 (1997).

47.Reme, T. et al. Mutations of the p53 tumour suppressor gene in erosive rheumatoid synovial tissue.

Clin. Exp. Immunol. 111, 353–358 (1998).

48. Inazuka, M. et al. Analysis of p53 tumour suppressor gene somatic mutations in rheumatoid arthritis

synovium. Rheumatology 39, 262–266 (2000).

49.Lee, S.-H. et al. Microsatellite instability and suppressed DNA repair enzyme expression in

rheumatoid arthritis. J. Immunol. 170, 2214–2220 (2003).

50.Yamanishi, Y. et al. Regional analysis of p53 mutations in rheumatoid arthritis synovium. Proc. Natl

Acad. Sci. USA 99, 10025–10030 (2002).

51. Kouskoff, V. et al. Organ-specific disease provoked by systemic autoimmunity. Cell 87, 811–822 (1996).

52. Ji, H. et al. Arthritis critically dependent on innate immune system players. Immunity 16, 157–168

(2002).

53.Matsumoto, I. et al. Low prevalence of antibodies to glucose-6-phosphate isomerase in patients with

rheumatoid arthritis and a spectrum of other chronic autoimmune disorders. Arthritis Rheum. 48,

944–954 (2003).

54.Steiner, G. & Smolen, J. Autoantibodies in rheumatoid arthritis and their clinical significance.

Arthritis Res. 4, S1–S5 (2002).

55.Union, A. et al. Identification of citrullinated rheumatoid arthritis-specific epitopes in natural

filaggrin relevant for antifilaggrin autoantibody detection by line immunoassay. Arthritis Rheum. 46,

1185–1195 (2002).

56.Kim, H.-J. & Berek, C. B cells in rheumatoid arthritis. Arthritis Res. 2, 126–131 (2000).

57.Clausen, B. E. et al. Clonally-related immunoglobulin VH domains and nonrandom use of DH gene

segments in rheumatoid arthritis synovium. Mol. Med. 4, 240–251 (1998).

58.Lee, D. M. et al. Mast cells: a cellular link between autoantibodies and inflammatory arthritis. Science

297, 1689–1692 (2002).

59.Terato, K. et al. Collagen-induced arthritis in mice: synergistic effect of E. coli lipopolysaccharide

bypasses epitope specificity in the induction of arthritis with monoclonal antibodies to type II

collagen. Autoimmunity 22, 137–147 (1995).

60.Ronaghy, A. et al. Immunostimulatory DNA sequences influence the course of adjuvant arthritis. J.

Immunol. 168, 51–56 (2002).

61.Moreland, L. W. et al. Treatment of rheumatoid arthritis with a recombinant human tumor necrosis

factor receptor (p75)-Fc fusion protein. N. Engl. J. Med. 337, 141–147 (1997).

62. Elliott, M. J. et al. Randomised double-blind comparison of chimeric monoclonal antibody to tumour

necrosis factor alpha (cA2) versus placebo in rheumatoid arthritis. Lancet 344, 1105–1110 (1994).

63. Brennan, F. M., Chantry, D., Jackson, A., Maini, R. & Feldmann, M. Inhibitory effect of TNFa

antibodies on synovial cell interleukin-1 production in rheumatoid arthritis. Lancet 2, 244–247 (2001).

64.Lubberts, E. et al. IL-4 gene therapy for collagen arthritis suppresses synovial IL-17 and

osteoprotegerin ligand and prevents bone erosion. J. Clin. Invest. 105, 1697–1710 (2000).

65.Smeets, T. J., Kraan, M. C., Versendaal, J., Breedveld, F. C. & Tak, P. P. Analysis of serial synovial

biopsies in patients with rheumatoid arthritis: description of a control group without clinical

improvement after treatment with interleukin 10 or placebo. J. Rheumatol. 26, 2089–2093 (1999).

66.Matsuno, H. et al. Antirheumatic effects of humanized anti-Fas monoclonal antibody in human

rheumatoid arthritis/SCID mouse chimera. J. Rheumatol. 29, 1609–1614 (2002).

67.Vita, S. D. et al. Efficacy of selective B cell blockade in the treatment of rheumatoid arthritis: evidence

for a pathogenetic role of B cells. Arthritis Rheum. 46, 2029–2033 (2002).

68.Wang, H. et al. TACI-ligand interactions are required for T cell activation and collagen-induced

arthritis in mice. Nature Immunol. 2, 632–637 (2001).

69.Banda, N. K. et al. Mechanisms of effects of complement inhibition in murine collagen-induced

arthritis. Arthritis Rheum. 46, 3065–3075 (2002).

70.Firestein, G. S. & Zvaifler, N. J. How important are T cells in chronic rheumatoid synovitis?: II. T cell-

independent mechanisms from beginning to end. Arthritis Rheum. 46, 298–308 (2002).

71.van der Heijden, I. M. et al. Presence of bacterial DNA and bacterial peptidoglycans in joints of

patients with rheumatoid arthritis and other arthritides. Arthritis Rheum. 43, 593–598 (2000).

72. Walser-Kuntz, D. R., Weyand, C. M., Fulbright, J. W., Moore, S. B. & Goronzy, J. J. HLA-DRB1 molecules

and antigenic experience shape the repertoire of CD4 T cells. Hum. Immunol. 44, 203–209 (1995).

73.Gebe, J. A. et al. T cell selection and differential activation on structurally related HLA-DR4 ligands. J.

Immunol. 167, 3250–3256 (2001).

74.Zanelli, E., Breedveld, F. C. & de Vries, R. R. P. HLA association with autoimmune disease: a failure to

protect? Rheumatology 39, 1060–1066 (2000).

75.Roudier, J., Petersen, J., Rhodes, G. H., Luka, J. & Carson, D. A. Susceptibility to rheumatoid arthritis

maps to a T-cell epitope shared by the HLA-Dw4 DR beta-1 chain and the Epstein-Barr virus

glycoprotein gp110. Proc. Natl Acad. Sci. USA 86, 5104–5108 (1989).

76.Aceves-Avila, F. J., Baez-Molgado, S., Medina, F. & Fraga, A. Paleopathology in osseous remains from

the 16th century. A survey of rheumatic diseases. J. Rheumatol. 25, 776–782 (1998).

77.Rothschild, B. M., Turner, K. R. & DeLuca, M. A. Symmetrical erosive peripheral polyarthritis in the

Late Archaic Period of Alabama. Science 241, 1498–1501 (1988).

Acknowledgements Supported by grants from the National Institute of Arthritis and
Musculoskeletal and Skin Diseases. The author also thanks N. J. Zvaifler for helpful
discussions on this topic as well as two decades of instruction, collaboration and
friendship.

insight review articles

NATURE | VOL 423 | 15 MAY 2003 | www.nature.com/nature 361© 2003        Nature  Publishing Group


