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Abstract

RA is a progressive inflammatory autoimmune disease with articular and systemic effects. Its exact cause

is unknown, but genetic and environmental factors are contributory. T cells, B cells and the orchestrated

interaction of pro-inflammatory cytokines play key roles in the pathophysiology of RA. Differentiation of

naı̈ve T cells into Th 17 (TH17) cells results in the production of IL-17, a potent cytokine that promotes

synovitis. B cells further the pathogenic process through antigen presentation and autoantibody and

cytokine production. Joint damage begins at the synovial membrane, where the influx and/or local acti-

vation of mononuclear cells and the formation of new blood vessels cause synovitis. Pannus, the

osteoclast-rich portion of the synovial membrane, destroys bone, whereas enzymes secreted by synovio-

cytes and chondrocytes degrade cartilage. Antigen-activated CD4+ T cells amplify the immune response

by stimulating other mononuclear cells, synovial fibroblasts, chondrocytes and osteoclasts. The release of

cytokines, especially TNF-a, IL-6 and IL-1, causes synovial inflammation. In addition to their articular

effects, pro-inflammatory cytokines promote the development of systemic effects, including production

of acute-phase proteins (such as CRP), anaemia of chronic disease, cardiovascular disease and osteo-

porosis and affect the hypothalamic�pituitary�adrenal axis, resulting in fatigue and depression.

Key words: B cell, cytokine, interleukin-1, interleukin-6, interleukin-17, pathogenesis, pathophysiology, rheuma-
toid arthritis, T cell, tumour necrosis factor-a.

Introduction

RA is a chronic, progressive, inflammatory autoimmune

disease associated with articular, extra-articular and sys-

temic effects. It has been reported that RA affects

�0.5�1% of the adult population of developed regions

[1�8]. Although some patients have mild self-limited dis-

ease, many experience joint destruction, severe physical

disability and multiple co-morbidities [9]. Mortality rates

are more than twice as high in patients with RA as in the

general population [10, 11], and this gap appears to be

widening [11].

T cells, B cells and the orchestrated interaction of

pro-inflammatory cytokines play key roles in the

pathophysiology of RA [12, 13]. The cytokines most directly

implicated in this process are TNF-a and IL-6; IL-1 and

IL-17 may also play important, albeit arguably less so,

roles in the disease process [12]. The goal of this review

is to summarize the complex pathobiology of RA as cur-

rently understood, highlighting the effects of major immune

modulators at both articular and systemic levels. In add-

ition, we briefly discuss how the increased understanding

of the pathobiology of RA has led to the development of

biologic agents that target specific immune mediators and

has resulted in new and effective treatments for RA.

Overview of RA pathobiology

Although the exact cause of RA remains unknown [12],

recent findings suggest a genetic basis for disease devel-

opment. More than 80% of patients carry the epitope of

the HLA-DRB1*04 cluster [13], and patients expressing

two HLA-DRB1*04 alleles are at elevated risk for nodular

disease, major organ involvement and surgery related to

joint destruction [14]. Single-nucleotide polymorphism

genotyping across the MHC has identified additional al-

leles related to RA risk, including those found on the con-

served A1-B8-DR3 (8.1) haplotype and those near the
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HLA-DPB1 gene [9]. Other RA-associated loci are

PTPN22, PADI4, STAT4, TRAF1-C5 and TNFAIP3,

although non-MHC risk alleles may represent only 3�5%

of the genetic burden of RA [9]. Environmental factors,

such as smoking and infection, may also influence the de-

velopment, rate of progression and severity of RA [15, 16].

Various immune modulators (cytokines and effector

cells) and signalling pathways are involved in the patho-

physiology of RA [12]. The complex interaction of immune

modulators is responsible for the joint damage that begins

at the synovial membrane and covers most IA structures

(Fig. 1) [12]. Synovitis is caused by the influx or local

activation, or both, of mononuclear cells (including T

cells, B cells, plasma cells, dendritic cells, macrophages

and mast cells) and by angiogenesis [12]. The synovial

lining then becomes hyperplastic, and the synovial mem-

brane expands and forms villi [12]. The osteoclast-rich

portion of the synovial membrane, or pannus, destroys

bone, whereas enzymes secreted by neutrophils, synovio-

cytes and chondrocytes degrade cartilage [12].

In addition to joint symptoms, many patients experience

extra-articular or systemic manifestations, or both [17].

According to a US pharmacy claims data analysis with a

mean follow-up of 3.9 years, 47.5% of 16 752 patients

with RA experienced at least one extra-articular or

systemic manifestation [17]. Extra-articular manifestations

include rheumatoid nodules, vasculitis, pericarditis, kera-

toconjunctivitis sicca, uveitis and rheumatoid lung [17].

Systemic manifestations include acute-phase protein

production, anaemia, cardiovascular disease (CVD),

osteoporosis, fatigue and depression [18, 19].

Effector cells involved in the
pathobiology of RA

The earliest event in RA pathogenesis is activation of the

innate immune response, which includes the activation of

dendritic cells by exogenous material and autologous

antigens (Fig. 2) [12, 13]. Antigen-presenting cells, includ-

ing dendritic cells, macrophages and activated B cells,

present arthritis-associated antigens to T cells.

Concurrently, CD4+ T cells that secrete IL-2 and IFN-g in-

filtrate the synovial membrane. As noted previously, most

patients with RA carry the epitope of the HLA-DRB1*04

cluster [13]. These alleles share a homologous amino acid

sequence on the HLA-DR b-chain that confers binding of

specific peptides and affects antigen presentation to TCRs

[13]. Disease-associated HLA-DR alleles may present

arthritis-related peptides, leading to the stimulation and

expansion of autoantigen-specific T cells in the joints and

lymph nodes [13].

B cells contribute to RA pathogenesis not only through

antigen presentation, but also through the production of

antibodies, autoantibodies and cytokines (Fig. 2) [13]. RF

and anti-CCP autoantibodies are common in patients with

RA. B lymphocytes express cell surface proteins, includ-

ing immunoglobulin and differentiation antigens such as

CD20 and CD22 [13]. Autoantibodies can form larger

immune complexes that can further stimulate the produc-

tion of pro-inflammatory cytokines, including TNF-a,

through complement and Fc-receptor activation [13].

T- and B-cell activation result in increased production of

cytokines and chemokines, leading to a feedback loop for

additional T-cell, macrophage and B-cell interactions [12,

13]. In addition to antigen presentation, macrophages are

involved in osteoclastogenesis and are a major source of

cytokines, including TNF-a, IL-1 and IL-6 [12, 13]. Within

the synovial membrane there is a great increase in

activated fibroblast-like synoviocytes, which also produce

inflammatory cytokines, PGs and MMPs [13]. Synovio-

cytes contribute to the destruction of cartilage and bone

by secreting MMPs into the SF and by direct invasion into

these tissues [13].

Cytokines and the impact
on effector cells

It is well established that pro-inflammatory cytokines (e.g.

IL-6 and TNF-a) are involved in the pathogenesis of RA

[20, 21]. TNF-a and IL-6 play dominant roles in the patho-

biology of RA; however, IL-1, VEGF and perhaps IL-17

also have a significant impact on the disease process.

Details on the roles of these cytokines are shown in

Table 1 [9, 20, 22�35]. Through complex signal pathways,

these cytokines activate genes associated with inflamma-

tory responses, including additional cytokines and MMPs

involved in tissue degradation [12]; this is discussed in

subsequent sections.

An IL-17-secreting subset of CD4+ cells [i.e. Th 17 (TH17)]

that has a critical role in synovitis has recently been

implicated in the pathogenesis of many inflammatory and

FIG. 1 Schematic view of a normal joint (a) and a joint

affected by RA (b) [12].

The joint affected by RA (b) shows increased inflammation

and cellular activity. Reprinted by permission from

Macmillan Publishers Ltd (Nature Reviews Drug

Discovery) from [12], ! 2003.
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autoimmune diseases, including RA [33]. The presence of

TH17 cells in the SF and peripheral blood of patients with

RA suggests the involvement of this potent pro-

inflammatory cytokine in RA pathology [36, 37]. An in vivo

study has shown that CIA was markedly suppressed in

IL-17-deficient mice [38]. Additionally, the ubiquitous

expression of IL-17 receptor (IL-17R) on fibroblasts, endo-

thelial cells, epithelial cells and neutrophils indicates that

this cytokine has the potential to influence a number of

pathways and effector cells involved in RA [39].

IL-6 signalling

IL-6 is of particular interest because although many

cytokines act on target cells close to their site of secre-

tion [40], IL-6 can also exert its effects on distant target

cells by way of trans-signalling through ubiquitously

FIG. 2 Consequences of the activation of effector cells by cytokines.

(a) Effects on T cells. The inset depicts the mechanism of action of abatacept, which inhibits T-cell co-stimulation.

(b) Effects on B cells. The inset depicts the mechanism of action of rituximab, which selectively depletes CD20+ B

cells [12, 13].
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expressed receptors [18]. The classic signalling mechan-

ism is a protein complex that includes a membrane-

bound, non-signalling a-receptor unit (IL-6R) and two

signal-transducing glycoprotein 130 (gp130) subunits

[18]. IL-6 trans-signalling instead involves a soluble re-

ceptor (sIL-6R) that lacks transmembrane and cytoplas-

mic components, is generated either by limited

proteolysis of membrane-bound IL-6R or by alternative

mRNA splicing and binds to membrane-bound gp130

subunits [18]. As IL-6R is constitutively expressed on

relatively few cell types, trans-signalling increases the

range of IL-6-responsive cells [18]. For example, endo-

thelial cells and synoviocytes express gp130 but not

IL-6R; however, they can respond to IL-6 when sIL-6R

is present [18].

IL-6 trans-signalling is a major factor in RA pathogen-

esis. Studies in sgp130Fc transgenic mice with an IL-6-

trans-signalling knockout phenotype demonstrated that

recruitment of inflammatory mononuclear cells strictly

depended on the IL-6 trans-signalling pathway and that

blockade of trans-signalling prevented the development

of inflammation [41]. Further, trans-signalling promotes

T-cell recruitment by regulating chemokine secretion

during inflammation [42]. Trans-signalling also regulates

the expression of pre-B-cell colony-enhancing factor, a

cytokine-like factor that contributes to B-cell develop-

ment and plays a significant role in various inflammatory

disorders [43]. IL-6 in combination with TGF-b in mice

[34] and by different combinations of TGF-b, IL-21,

IL-6, IL-23, IL-1b and TNF-a in humans [44�46] is

TABLE 1 Actions of cytokines that play major roles in RA pathobiology

Cytokine Role in the disease process

TNF-a Local effects

Increased monocyte activation, cytokine release, PG release [20]

Increased polymorphonuclear leucocyte priming, apoptosis and oxidative burst [20]
T-cell apoptosis, clonal regulation, TCR dysfunction [20]

Increased endothelial cell adhesion molecule expression, cytokine release [20]

Decreased synovial fibroblast proliferation, collagen synthesis [20]

Increased MMP and cytokine release [20]
Systemic effects

Acute-phase protein production [22]

HPA axis dysregulation (fatigue and depression) [24]
CVD promotion [23]

IL-6 Local effects

Osteoclast activation [25, 26]

Neutrophil recruitment [27]
Pannus formation via promotion of VEGF production [28, 29]

B-cell proliferation and antibody production [20]

T-cell proliferation and differentiation [20]

Systemic effects
Acute-phase protein production [22]

Anaemia (via hepcidin production) [30]

CVD promotion [23]
Osteoporosis [31, 32]

HPA axis dysregulation (fatigue and depression) [24]

IL-1 Local effects

Increased synovial fibroblast cytokine, chemokine, MMP and PG release [20]
Increased monocyte cytokine, reactive oxygen intermediate and PG release [20]

Osteoclast activation [20]

Endothelial cell adhesion molecule expression [20]

Systemic effects
Acute-phase protein production [22]

CVD promotion [23]

HPA axis dysregulation (fatigue and depression) [24]
IL-17 Recruitment of monocytes and neutrophils by increasing local chemokine production [33]

Facilitation of T-cell infiltration and activation [33]

Amplification of immune response (e.g. by induction of IL-6 production) [33]

Increased synovial fibroblast cytokine and MMP release [20]
Osteoclastogenesis [20] and cartilage damage [35]

Synergistic activity with IL-1b, TNF-a and IFN-g [33, 34]

VEGF Angiogenesis, contributing to pannus formation [28]
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responsible for the differentiation of naı̈ve T cells into

TH17 cells.

Role of cytokines in RA joint effects

Inflammation

TNF-a, IL-6 and IL-1 are key mediators of cell migration

and inflammation in RA [13]. IL-6, in particular, acts directly

on neutrophils through membrane-bound IL-6R, which in

turn contributes to inflammation and joint destruction by

secreting proteolytic enzymes and reactive oxygen

intermediates [18]. Furthermore, an in vitro study with

fibroblasts from patients with RA demonstrates the role

of IL-6 in promoting neutrophil recruitment by activated

fibroblasts [27]. Although untreated fibroblasts were able

to recruit neutrophils, recruitment was inhibited in the

presence of anti-IL-6 antibody [27]. The authors concluded

that while IL-6 can directly recruit neutrophils, recruitment

may also occur indirectly through fibroblasts [27].

Bone and cartilage destruction

Osteoclasts are multinucleated cells formed by the fusion

of mononuclear progenitors of the monocyte/macrophage

family [47]. The primary mediators of bone destruction,

these cells populate the synovial membranes of patients

with RA and are polarized on bone [25, 47].

Macrophage-driven osteoclastogenesis requires the pres-

ence of macrophage colony-stimulating factor (MCSF)

and results from the interaction of the RANK and the

RANK ligand (RANKL) [47]. RANKL expression is regu-

lated by pro-inflammatory cytokines such as TNF-a,

IL-1, IL-6 and IL-17 [25]. MCSF, IL-6 and IL-11 can also

support human osteoclast formation from peripheral

blood mononuclear cells by a RANKL-independent mech-

anism [26].

The principal cause of bone erosion is the pannus,

which is found at the interface with cartilage and bone

[28]. Angiogenesis is a key process in the formation and

maintenance of pannus because invasion of cartilage and

bone requires increased blood supply [28]. In patients with

RA, many pro-angiogenic factors are expressed in the

synovium, but VEGF, a potent cytokine, plays the central

role in new blood vessel development [28]. VEGF is both a

selective endothelial cell mitogen and an inducer of

vascular permeability [28, 48]. In cultured synovial fibro-

blasts from patients with RA, IL-6, in the presence of

sIL-6R and in synergy with IL-1b and TNF-a, induces

VEGF production [29]. Conversely, anti-IL-6R mAb ther-

apy significantly reduced VEGF concentrations in these

cultures, further demonstrating the role of IL-6 in VEGF

production [29].

Cartilage degradation in RA occurs when TNF-a, IL-1

and IL-6 activate synoviocytes, resulting in the secretion

of MMPs into the SF [12, 13]. Cytokines also activate

chondrocytes, leading to the direct release of additional

MMPs into the cartilage [12, 13].

Role of cytokines in systemic
effects of RA

Acute-phase protein production

The acute-phase response (APR) is the change in the

concentration of certain plasma proteins, such as CRP,

hepcidin, serum amyloid A, haptoglobin and fibrinogen,

following protein synthesis alterations within hepatocytes

[18, 22, 49]. IL-6 has the greatest effect on acute-phase

protein levels, although IL-1, TNF-a, TGF-b1 and IFN-g are

also contributory [22]. Elevated levels of CRP, a major

acute-phase protein, can be detected within 4 h of injury,

with peak values usually occurring within 24�72 h [22].

Although an APR generally lasts for only a few days,

some components may persist indefinitely [22].

Increased levels of CRP may exacerbate disease-related

tissue damage and contribute to the development of

further complications, such as CVD [22]. A prospective

observational study that evaluated patients within 1 year

of their RA diagnosis and then 3 years later found that an

elevated baseline CRP level was a significant predictive

factor for radiographic damage at the latter evaluation

[50]. The relationship between CRP elevation and CVD is

discussed later in this review.

Anaemia

After CVD, the most common systemic manifestation of

RA is anaemia, which occurs more frequently during the

early stage of the disease [17]. In patients with early RA,

IL-6 levels are significantly higher in patients with anaemia

than in persons without anaemia [51]. Additionally,

haemoglobin levels are inversely correlated with IL-6

levels [51]. IL-6 is required for the induction of hepcidin

during inflammation and rapidly induces hypoferraemia in

humans [30]. Hepcidin, a peptide produced by hepato-

cytes, is thought to be the principal iron-regulatory

hormone and the key mediator of anaemia in patients

with chronic disease [49]. Plasma hepcidin inhibits iron

release from macrophages in the spleen and iron uptake

in the duodenum [49]. In vivo data in wild-type mice have

shown that after a turpentine-induced inflammatory

response, liver hepcidin expression is increased and

serum iron is decreased [30]. Conversely, in IL-6 knockout

mice, hepcidin levels are reduced, whereas iron levels are

slightly increased in response to turpentine treatment [30].

In humans, serum hepcidin levels have been shown to be

highest in patients with RA and anaemia, whereas the

lowest levels are reported in healthy adults [52].

CVD

The incidence of CVD events in patients with RA is more

than three times that in the general population, and this

increase is not entirely explained by traditional risk factors

[53]. RA is associated with a spectrum of pro-atherogenic

changes linked to systemic inflammation [23]. Release of

TNF-a, IL-6 and IL-1 from synovial tissue alters the func-

tion of distant tissues, including adipose tissue, skeletal

muscle, liver and the vascular endothelium [23]. These

changes result in insulin resistance, dyslipidaemia,
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increased global oxidative activity and endothelial

dysfunction [23].

RA-related dyslipidaemia is characterized by low total

and high-density lipoprotein (HDL) cholesterol, elevated

triglyceride and lipoprotein(a) levels and an increase of

small, dense low-density lipoprotein (LDL) species [23].

Although the reduction in inflammation in patients with

severe RA following treatment with a biologic agent may

result in increased levels of total, HDL and LDL cholesterol

(and perhaps triglycerides), inflammation reduction

decreases CVD risk [54]. Contrary to our understanding

of the link between hyperlipidaemia and CVD, the in-

creases in total cholesterol, LDL and triglyceride levels

that may follow treatment for severe inflammation should

be considered a consequence of inflammation reduction,

not a CVD risk factor [54].

IL-6 plasma concentrations are elevated in patients with

RA, and the potentially detrimental cardiovascular conse-

quences of these elevations are suggested by the results

of a prospective case�control study in 404 healthy men

who participated in the Physicians’ Health Study [55].

Median IL-6 plasma concentrations at baseline were sig-

nificantly higher in men who experienced a first myocar-

dial infarction than in those who remained free of CVD

during the 6-year follow-up [55]. Furthermore, each quar-

tile increase in the baseline IL-6 concentration was asso-

ciated with a 38% increase in the risk of future myocardial

infarction [55].

Osteoporosis

Osteoporosis is a common systemic manifestation of RA.

The increased prevalence observed in this patient popu-

lation consequently results in an elevated risk of bone

fracture [56]. In vivo data support a major role for IL-6 in

RA-related osteoporosis [31]. IL-6 transgenic mice, which

have high circulating levels of IL-6, have osteopaenia, a

condition involving accelerated bone resorption caused

by increased osteoclastogenesis and reduced bone for-

mation caused by decreased osteoblast activity [31].

However, IL-6-deficient mice with oestrogen deficiency

after ovariectomy do not experience an increase in the

number of osteoclast precursors or bone loss [32].

Fatigue and depression

Persistent fatigue and high rates of depression are

commonly reported in patients with RA [57�61].

Corticotropin-releasing hormone, a key regulator of the

hypothalamic�pituitary�adrenal (HPA) axis and the overall

stress system, is associated with fatigue, dysthymia, irrit-

ability and depression [62, 63]. Case�control studies have

demonstrated that the HPA axis is dysregulated to varying

degrees in patients with RA [64�66]. HPA axis dysregula-

tion has been reported to be caused in part by the release

of various cytokines, including TNF-a, IL-1 and IL-6 [24].

Thus the fatigue and depression frequently observed in

persons with RA are primarily mediated by the

up-regulation of cytokines known to be associated with

its pathology.

Biologic agents for RA therapy:
challenges and opportunities

Increased understanding of the pathobiology of RA has

led to the development of biologic agents that target vari-

ous immune mediators involved in the disease process

(Table 2) [67�80]. Therapies targeted against TNF-a, IL-1

and IL-6, in addition to T- and B-cell inhibitors, when used

alone or in combination with MTX, have resulted in

TABLE 2 Biologic agents for the treatment of RA

Agent First approved Description, mechanism of action

TNF-a inhibitors

Infliximab [67�69] August 1998 Binds with high affinity to soluble and membrane-bound TNF-a and
inhibits its effect by blocking TNF-a receptor interactions

Etanercept [70, 71] November 1998 Binds to TNF-a, preventing it from interacting with its receptor
Adalimumab [72, 73] December 2002 Binds to human TNF-a with high affinity and prevents it from binding to

its receptors
Certolizumab [74, 75] April 2008 Selectively neutralizes membrane-associated and soluble human TNF-a
Golimumab [76] April 2009 Forms high-affinity, stable complexes with soluble and transmembrane

bioactive forms of TNF-a, preventing the binding of TNF-a to its
receptors

Other cytokine inhibitors

Anakinra [77] November 2001 Neutralizes activity of both IL-1a and IL-1b
Tocilizumab [78] January 2009 Binds specifically to sIL-6R and mIL-6R; inhibits sIL-6R and

mIL-6R-mediated signalling
T- and B-cell inhibitors

Rituximab [79] November 1997 B-cell depletion by binding to CD20

Abatacept [80] December 2005 Inhibits T-cell activation by binding to CD80 and CD86

mIL-6R: membrane-bound IL-6 receptor.
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favourable clinical outcomes in patients with RA [81].

However, although biologic agents are promising, they

are not without limitations [82]. For example, the hier-

archy of the pathophysiological response is unclear.

As many immune mediators work in concert with one an-

other during the disease process, the question becomes

what should be targeted first—B cells, T cells or a cyto-

kine. Additionally, it is unclear how the depletion of a

subset of lymphocytes (e.g. B cells or T cells) affects RA

or the mechanism by which inflammation is actually

reduced [81].

Finally, although the favourable efficacy profile of these

drugs is promising, there are also several potential clinical

challenges, most notably safety, that may be associated

with their use (reviewed in the article by Andrea

Rubbert-Roth in this supplement [82]). These limitations

include, but are not restricted to, systemic immunosup-

pression resulting in increased infections and reactivation

of tuberculosis and increased incidence of lymphomas

[83]. Therefore a major goal for the use of biologic

agents is to establish that the benefits of these drugs far

outweigh any potential adverse events that may be asso-

ciated with their use in this patient population. Data from

published clinical studies coupled with ongoing clinical

trials with biologic agents will help address this issue.

Discussion

The pathobiology of RA is multifaceted and involves T

cells, B cells and the complex interaction of many

pro-inflammatory cytokines, including TNF-a and IL-6.

These cytokines are messengers that activate and differ-

entiate effector cells that cause local and systemic symp-

toms associated with this disease. The numerous immune

mediators that contribute to the pathobiology of RA sug-

gest that many cytokine-based therapies may provide fa-

vourable clinical outcomes. Ongoing studies are aimed at

further elucidating the role of biologic agents for the treat-

ment of patients with RA. Detailed evaluation of biologic

agents in clinical trials, as well as in post-marketing sur-

veillance studies, will help to ensure that these drugs are

not only effective but also safe for use in this patient

population.

Rheumatology key messages

. RA is a progressive disease in which T cells and B
cells interact with cytokines.

. Understanding of the pro-inflammatory cascade in
RA has permitted the development of targeted bio-
logic agents.

. IL-6 is one of the most abundant cytokines in the
SF of RA patients.
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