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SUMMARY

Animal models of rheumatoid arthritis (RA) have provided substantial insights into basic

pathogenic mechanisms of chronic in¯ammatory arthritis and autoimmune disease in general. Of

the variety of models reported, collagen-induced arthritis (CIA) has been the most characterized in

terms of both its pathogenesis and its underlying immunological basis. Collagen-induced arthritis

has also been the model of choice in terms of testing potential new therapeutic agents for the

treatment of human RA. Nevertheless, the complex nature of the balance between T-cell cytokines

and the chronic in¯ammatory processes is only recently becoming clear. This review focuses on

these developments, highlighting their implications for our understanding of RA and for the use of

CIA as a suitable animal model.

INTRODUCTION

Collagen-induced arthritis (CIA) was ®rst reported by

Trentham and colleagues who observed the disease in rats

following a single intradermal injection of type II colla-

gen (CII) emulsi®ed in Freund's adjuvant.1 Further studies

demonstrated that a similar pathology could also be induced

in primates2,3 and in susceptible strains of mice.4 CIA can be

induced using native autologous or heterologous CII and is

speci®c to CII, since immunization with types I or III collagen

fail to induce disease.1,4 While either incomplete (IFA) or

complete Freund's adjuvant (CFA) can be used to trigger CIA

in rats,3 the induction of disease in mice generally requires the

presence of heat-killed Mycobacterium tuberculosis in CFA.4

Immunization with CII/CFA results in a rapid and severe

polyarthritis of the peripheral articular joints that ®rst appears

around 3±4 weeks after disease challenge and becomes pro-

gressively worse for approximately 2±4 weeks before slowly

waning. Whilst the pathology is similar when CIA is induced

with either autologous or heterologous CII, the nature of the

disease differs; autologous CII induces a more chronic disease

with a delayed onset and reduced penetrance.5,6 In both cases

the histopathology of in¯ammatory arthritis resembles human

rheumatoid arthritis (RA).

Like RA, CIA is characterized by the presence of ®brin

deposition, hyperplasia of synovial cells, periosteal bone for-

mation, mononuclear in®ltrates, pannus formation and even-

tual ankylosis of one or more articular joints.1,4 In addition,

the presence of rheumatoid factor and systemic manifestations

have been reported in animals with CIA.7,8 Moreover, suscep-

tibility to both CIA and RA is strongly associated with the

expression of speci®c major histocompatibility complex

(MHC) class II molecules,9,10 with additional roles for non-

MHC loci being reported.11±13 In mice, susceptibility to CIA is

mediated predominantly by I-Aq, an MHC class II molecule

which binds the same immunodominant CII peptide region as

the human RA-associated allele HLA-DR4 (DRB1*0401).14

This observation, taken together with the other similarities

between the diseases, has led to speculation as to whether CII

or a cross-reacting antigen is involved in the initiation of RA

itself. Autoreactivity to cartilage CII in human RA patients,

although not a de®ning feature of the disease, has been clearly

demonstrated.15,16 In this regard, anti-CII antibody responses

have been reported in 30±70% of RA patients depending on

the stage of disease.15±17 However, anti-CII reactivity may

remain a consequence of the chronic in¯ammatory processes in

RA rather than the cause. Regardless of the involvement of CII

in triggering RA, its localization as a major component of

diarthroidal joints, the primary site of in¯ammation in RA,

probably means that the underlying processes involved in

establishing CIA and RA share similar features. The parallels

between these arthritides, combined with the relative ease of

inducing a consistent and reproducible experimental arthritis,

have led to extensive investigations of autoimmune arthritis

using the CIA model. Particular emphasis has been placed on

elucidating the mechanisms involved in the initiation and

maintenance of the pathogenic anti-CII immune response

throughout the course of disease.

THE ROLE OF T CELLS IN THE INITIATION OF CIA

Collagen-induced arthritis is a multifaceted, immunologically

mediated disease involving T cells, B cells and populations of
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in¯ammatory cells that in®ltrate the joint tissue and induce

pathology. While the precise mechanisms by which immuniza-

tion with heterologous or autologous CII in CFA leads to a

chronic arthritis in susceptible mice are not known, there are

considerable data to implicate CII-reactive CD4+ T cells as

the primary mediators of disease induction, and complement-

®xing anti-CII autoantibody production by B cells as the

major immune mechanism leading to the localized chronic

in¯ammatory response.7,9,18,19

Since antigen recognition by T cells requires peptide to be

presented in association with MHC molecules, an important

role for CD4+ T cells in CIA is implied by disease susceptibility

being restricted to mice that possess certain MHC class II

alleles. This association was ®rst described in 1981 by Wooley

and colleagues using strains of congenic B10 mice that had been

immunized with chicken CII. Despite the ability of several

strains to mount strong anti-CII immune responses, only those

mice expressing the I-Aq allele developed arthritis.9,20 This

observation suggested that susceptibility to CIA depends on

the capability of MHC class II molecules to present speci®c

peptides which leads to the activation of arthritis-promoting

CII-reactive T cells. The observations that early administration

of monoclonal antibodies to CD4,21 T-cell receptor-ab
(TCR-ab),22,23 CD2524 and I-A25 can suppress CIA provides

further support for the role of T cells in mediating disease.

Type II collagen is a 1018 amino acid, homotrimeric

molecule that shares up to 94% amino acid sequence homology

between bird and mouse. Due to its large size, attempts to

isolate antigenic CII peptides presented by I-Aq molecules

necessitated cyanogen bromide (CB) digestion of the protein.

A single fragment of chicken CII, CB11 (amino acids 124±402)

was found to induce strong serum reactivity, and upon

immunization of DBA/1 mice (H-2q), led to an attenuated,

but histologically similar arthritis to that induced by native

CII.26 Peptide-mapping studies of CB11 have revealed a single

immunodominant epitope, CII(260±267), that upon immuni-

zation induces a strong T-cell proliferative response and

the production of interferon-c (IFN-c) in strains susceptible

to CIA. Signi®cantly, H-2 congenic strains that are resistant

to disease fail to recognize this peptide.27 Furthermore,

preimmunization of neonatal mice with CB11,28 and specif-

ically CII(245±270), prior to challenge in adulthood with

native chicken CII, dramatically suppressed the incidence of

arthritis.29 Taken together, with amino acid substitution

experiments,29 these observations indicate that the determi-

nant CII(260±270) plays a central role in regulating the onset

of CIA in H-2q mice. In addition to CII(260±270), four sub-

dominant I-Aq-restricted epitopes on CB11 have been

characterized and are hypothesized to be involved to varying

degrees in the induction and maintenance of the arthritic

state.27,30 While H-2q mice are susceptible to CIA upon

immunization with chicken, bovine, or human CII, the haplo-

type H-2r has also been found to confer susceptibility to CIA

when porcine or bovine CII is used as immunogen.31 Separate

determinants localized on CB8 and CB10 are involved in

regulating the arthritic response in these animals.32,33

Extensive research is beginning to de®ne the relative

contributions of non-autoreactive CII-speci®c T cells and

autoreactive CII-speci®c T cells in the induction of CIA. The

ability to induce a diminished, but chronic CIA in DBA/1 mice

using autologous CII indicates that at least some autoreactive

CII-speci®c T cells escape thymic deletion in healthy animals

and either remain ignorant, or are subject to other processes

involved in peripheral tolerance induction.7 Nevertheless,

studies have shown that despite close sequence homology,

the strong proliferative response induced following immuniza-

tion of DBA/1 mice with rat CII was poorly cross-reactive

to mouse CII.34 More recently, elegant experiments by

MalmstroÈm and co-workers have helped to clarify the

development of the autoimmune response to the immuno-

dominant I-Aq-restricted determinant CII(256±270) in

CIA.35,36 Within this peptide, a single amino acid distinguishes

rat, avian, bovine and human CII [which have a glutamic acid

(E) at position (266)] from mouse CII [which has an aspartic

acid (D) at this position]. Transgenic mice expressing rat

CII(256±270) systemically as part of CI are rendered pro-

foundly tolerant to CII, failing to develop CIA, produce

antibodies, or mount lymph node cell responses following

challenge with either the peptide itself or whole rat CII.

However, immunization of these mice with chicken CII triggers

T-cell responses to a subdominant chicken CII-speci®c epitope,

CII(190±200), leading to arthritis. In another transgenic mouse

strain bearing a DpE substitution at CII(266), immunization

with rat CII fails to trigger signi®cant proliferative responses,

but is associated with the production of IFN-c and normal

levels of anti-CII antibodies. These animals develop CIA, and

although the incidence of disease was halved, severity remained

comparable to non-transgenic littermates. Collectively, these

data suggest that following heterologous CII immunization,

T-cell recognition is directed primarily against non-self

epitopes including CII(256±270). The onset of in¯ammation

triggered by resulting antibodies leads to the subsequent

activation of residual self-CII-speci®c T cells. When autologous

CII is used as immunogen, partially tolerized T cells capable of

recognizing native CII(256±270), are able to secrete IFN-c and

thus, may provide help for anti-CII antibody production.

THE ROLE OF ANTIBODY IN THE

ESTABLISHMENT OF INFLAMMATION

Importantly, it has proven dif®cult to adoptively transfer

CIA with CD4+ T cells alone.37,38 These ®ndings support the

idea that anti-CII antibodies play a critical role in initiating

the disease, a hypothesis for which there is now a great deal of

evidence.19,39±41 Immunization of DBA/1 mice with hetero-

logous CII induces the rapid activation of CII-speci®c B

cells;5,42 9 days after challenge with native heterologous CII,

large numbers of immunoglobulin (IgG) anti-CII antibody-

producing cells can be detected within lymph nodes draining

the site of immunization. This reaction is highly cross-reactive

against CII from a variety of species in high responder H-2q

mice.43 Furthermore, an autoreactive antibody response may

be observed in both mice and rats following immunization with

autologous CII.5,6

Studies have demonstrated that the total amount of anti-

CII immunoglobulin produced by B cells is not a good

correlate for the development of arthritis, rather it is qualitative

differences in antibody production that determine the outcome

of disease.20 Such differences may include the antibody isotype,

antibody avidity and the precise epitopes recognized by

the autoantibody.44,45 Indeed, many non-susceptible mouse

strains can elicit strong anti-CII antibody responses following
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immunization, some directed to the arthritogenic CB11 region

of CII.20,45 Experiments to compare murine CII-speci®c

autoantibodies produced from susceptible and non-susceptible

congenic mouse strains immunized with the CB11 fragment

of chicken CII, revealed that amongst a pattern of similar

autoantibody epitope speci®cities, a single murine epitope was

identi®ed that was recognized only by susceptible I-Aq-bearing

mice. Analysis of antibodies binding to this epitope revealed

them to be predominantly of the IgG2 subclass.45 These

isotypes, particularly complement-®xing IgG2a, dominate the

anti-CII response in CIA and are essential for pathogenesis.44

Other isotypes of anti-CII antibodies are also found in CIA;

for example, the T helper type 2 (Th2)-associated antibody

subclasses, IgG1 and IgE are readily measured in the serum of

arthritic mice. A role for IgE-mediated pathology in CIA

has been proposed, but remains speculative.46

Binding of complement-activating IgG autoantibodies to

CII on articular cartilage has been hypothesized as the primary

immune mechanism leading to joint in¯ammation.47,48 In

addition, recent data support a crucial role for the formation

of IgG immune complexes and subsequent cross-linking of

Fc-receptors to induce in¯ammation. FcRc-chainx/x mice

(H-2q) do not develop CIA, even though anti-CII antibody

production remains similar to that observed in susceptible

wild-type mice.49

IS THERE A REQUIREMENT FOR T CELLS IN

MAINTAINING ESTABLISHED DISEASE?

Immunohistochemical studies of joints taken from DBA/1

mice immunized with CII have provided a basic understanding

of the distribution and potential interactions of different cell

populations in the joint throughout the in¯ammatory process.

During the initial phase of disease (before clinical onset), cells

expressing MHC class II are observed to accumulate in foci

along the synovial lining. Interspersed within these foci

are CD4+ T cells, many of which are CD25+. In addition,

CD11b+ macrophage-like cells are detectable at the synovial

membrane, while CD8+ T cells and B cells are scarce.50

Progression of the in¯ammatory response is associated with

a marked in®ltration of polymorphonuclear cells into the

synovium and the development of oedema. Once this has

occurred the synovium becomes in¯amed, with a pannus

forming at the synovium±cartilage interface. Within the

pannus, proliferating synoviocytes, activated macrophages,

dendritic cells (DC) and granulocytes predominate, while the

proportion of CD4+ T cells is reduced.51,52

Although the importance of CD4+ T cells in the devel-

opment of CIA is clearly established; as in RA, the role of

these cells following disease onset is less apparent. Anti-CD4

or anti-TCR-ab depleting antibody treatments have failed to

attenuate established CIA and in some cases even exacerbate

disease.21,53±56 However, treatment of mice transgenic for

a CII-speci®c TCR-Vb chain with non-depleting anti-CD4

monoclonal antibody was shown to suppress established

arthritis57 and blockade of CD28 using a combination of

antibodies to CD80 and CD86 or soluble CD152 during

established CIA, signi®cantly reduced in¯ammatory cytokine

production and ameliorated disease.58 These apparent dis-

crepancies may result from the fact that once disease is

established it becomes a self-perpetuating process driven

largely by tissue changes themselves (see below). While T cells

may continue to play a role in recruiting more in¯ammatory

cells into the joint, the induction of populations of regulatory

T cells as part of the ongoing anti-CII response may also

serve to dampen the pathological changes. Such regulatory

cells are likely to include recently described populations of

T cells such as CD4+CD25+ cells,59 Tr1 cells60 or Th3 cells.61

The role of these lymphocyte populations in CIA has not

yet been properly explored.

T-cell-mediated regulation of the in¯ammatory response

in the joint may also involve the activities of populations of

synovium-resident T cells. CD4xCD8x cd T cells, and minor

populations of interleukin-2 receptor (IL-2R)-axb+ and

CD4xCD8a+bx T cells are resident within the joints of both

naõÈve and arthritic mice, and have been shown to expand

during CIA.62,63 Intraperitoneal administration of a cross-

linking anti-TCR-cd antibody prior to immunization with

CII signi®cantly delayed the onset and severity of arthritis.

By contrast, if the T cells were stimulated by antibody 40 days

after disease induction, CIA was rapidly and severely exacer-

bated, implying a biphasic regulatory function for cd T cells

in arthritis.62

Unlike many models of autoimmune disease, the potential

involvement of CD8+ T cells in CIA has not been thoroughly

investigated. Experiments to associate CD8+ T cells with

disease onset have demonstrated con¯icting data between

species. In mice, regular administration of monoclonal anti-

body to CD8 was shown to dramatically suppress the onset of

CIA,63 while in the rat, a similar treatment regime had no

signi®cant effect.64 Using CD8+ T-cell-de®cient DBA/1 mice,

Tada and colleagues demonstrated a requirement for these cells

in the induction of arthritis. These same CIA-resistant mice

were more susceptible to secondary CIA induced after

remission, leading the authors to propose that CD8+ T cells

may have an additional regulatory function in the disease

process.65 Indirect support for this hypothesis comes from

experiments involving CII-speci®c cytotoxic hybridomas gen-

erated from arthritic mice. These cells expressed low levels of

CD8, recognized CII by an MHC class I pathway, and

following irradiation and adoptive transfer into naõÈve recipi-

ents, prevented the onset of disease. In addition, one of the

hybrid clones possessed therapeutic properties; demonstrated

by its ability to ameliorate CIA when administered 30 days

after CII-challenge.66

DO YOU REALLY NEED ADAPTIVE IMMUNITY

TO GET CIA?

Recent data obtained by immunizing recombination activat-

ing gene-1 (RAG-1)-de®cient mice (RAG-1x/x) bred onto a

susceptible genetic background (DBA/1; H-2q) with CII has

provided strong evidence for the involvement of lymphocyte-

independent mechanisms in the induction and maintenance of

CIA.67 Although disease onset and severity were reduced in

these T-cell- and B-cell-de®cient mice, the frequency of arthritis

and associated histopathology were comparable to hemi-

zygous, immune-competent littermates. The authors suggest

that the non-antigenic properties of CII, and speci®cally its

ability to act as a ligand for the discoidin domain receptor

tyrosine kinases (DDR)1 and DDR2, may be important for the

development of a lymphocyte-de®cient arthritis. The DDR
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molecules are involved in regulating the production of matrix

metalloproteinases (MMP); molecules linked to tissue destruc-

tion in the arthritides. Thus, CII interactions with DDR may

promote the activation of MMP independently of the adaptive

immune response. However, a delay in disease onset and a

reduced pathology in RAG-1x/xDBA/1 mice maintains

support for an important role for the adaptive immune

response in CIA.

Alternatively, a recent study has suggested that the

increased susceptibility of DBA/1 mice for CIA may be partly

associated with qualitative differences in the nature of the

arthritis it develops. A proportion of DBA/1 mice have been

reported to develop spontaneous arthritis with advancing

age.68 This condition, which grossly resembles CIA, has been

described as a T-cell-independent, enthesopathy of joint

tissues, and may develop under conditions similar to those

following immunization with CII/CFA.69 It is possible that the

susceptibility of DBA/1 mice to this condition contributes to

the ease with which CIA can be induced in this mouse strain.

TH1 AND TH2 CYTOKINES IN THE

CONTROL OF CIA

The production of cytokines by systemic and tissue-speci®c cell

populations is critical for the development (and eventual

subsidence) of the autoimmune response to CII and pathology

in CIA. There is considerable evidence to suggest that in DBA/

1 mice, CIA is a Th1-mediated in¯ammatory disease. How-

ever, a strong humoral component and the production of

Th2-associated cytokines and antibodies throughout the course

of disease imply that both types of CD4+ Th cell responses are

probably involved in modulating arthritis. Two broad experi-

mental strategies have been used extensively to characterize the

involvement of cytokines in the induction of CIA: phenotyping

CII-speci®c CD4+ T cells within the periphery, and manipulat-

ing the Th1/Th2 cytokine balance at different stages of disease

to evaluate the outcome on arthritis. The ®ndings of such

studies are summarized in Fig. 1.

Numerous reports have documented support for the

requirement of a Th1 environment in the induction and

pathogenesis of CIA in DBA/1 mice. The Th1 environment is

established as a result of the normal use of CFA with the

immunizing CII challenge. Thus, restimulation of draining

lymph node cells with CII following CII/CFA challenge is

associated with high levels of IFN-c production in the absence

of IL-4.70 In contrast, immunization of mice with CII

emulsi®ed in IFA gives rise to a strong Th2 response71 and

results in only a small proportion of mice developing an

atypical CIA.72 Administration of the Th1-associated cytokine

IFN-c early in disease has been shown to exacerbate

arthritis,73,74 while treatment with a monoclonal antibody to

block IFN-c at immunization protects mice from disease.75

CIA has also been exacerbated by administration of IL-1272

and/or IL-1876 prior to disease onset, and has been attenuated

by transfer of cells engineered to secrete IL-4 or IL-13.77

The dominance of a Th1-associated response in arthritis

in DBA/1 mice contrasts with data from arthritic mice of the

high antibody responder Biozzi strain (H-2q). In the sus-

ceptible substrain of Biozzi mouse, Biozzi HI, induction of

CIA is associated with the production of the Th2-associated

cytokine IL-5.78 This differs from the CIA-resistant Biozzi HII

mouse which secretes predominantly IFN-c following

CII-challenge. Furthermore, in both the DBA/1 and Biozzi

models of CIA, the predominant anti-CII antibody isotype

secreted has correlates with the cytokine pro®le associated

with disease onset. In DBA/1 mice, production of the Th1-

associated, IgG2a subclass is observed, whereas in Biozzi HI

mice, antibody production is geared towards a Th2 phenotype,

with elevated levels of IgG1 and IgE antibodies being detected.

Again, the resistance of Biozzi HII mice to CIA is

associated with an increase in Th1-associated IgG2a antibody

production. Taken together, these data suggest that in DBA/1

mice, polarization of the immune response towards Th1 is

critical for the induction of CIA. However, in other

circumstances, polarization towards Th2 can trigger a similar

disease process.

Temporal studies of cytokine production in DBA/1 mice

immunized with CII/CFA have provided a clearer under-

standing of the involvement of Th1 and Th2 cells in the

induction, maintenance and remission of arthritis,71,79,80

Experiments by Mauri and colleagues analysed IFN-c, IL-4

and IL-10 production in draining lymph nodes at different

stages of CIA.71 In naõÈve mice, moderate levels of IL-4 and

Figure 1. The temporal relationship between cytokine production and

disease in CIA in the DBA/1 mouse. Studies of cytokine production

and assays for the presence of mRNA have indicated that the initial

response following CII/CFA challenge is dominated by a Th1 response,

with IFN-c being readily detectable in the lymph nodes, and basal

levels of endogenous IL-4 and IL-10 being markedly reduced.71

Around the time of clinical disease onset, the IFN-c response begins

to decline, concomitant with an increase in the levels of IL-4 and

IL-10.71,79 The production of IL-10 increases to above prechallenge

levels and is maintained. The Th1 response in the lymph nodes is

matched by the presence of high level IL-12 production by cells in

the spleen and peritoneal cavity.80 Analysis of cytokine production in

the joints has revealed that IFN-c is only present for a limited period

around the time of disease onset, while IL-2, IL-4 and IL-5 are

undetectable.89 In contrast, the prolonged presence of the cytokines,

IL-1, IL-10, TNFa, TGFb and IL-6 are detected in the joints.88,89
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IL-10 and low levels of IFN-c were detected. Six days after

immunization with CII/CFA, increased production of IFN-c,

coincident with a dramatic suppression of IL-4 and IL-10 was

observed. Production of IFN-c peaked on the day of clinical

disease onset. As disease progressed, the cytokine balance

gradually returned to a pro®le similar to that observed in naõÈve

animals. However, levels of IL-10 remained elevated through-

out disease remission. A potential role for IL-10 in the natural

suppression of established CIA is supported by experiments in

which administration of IL-10, or a combination of IL-4 and

IL-10, was shown to rapidly suppress tissue in¯ammation and

cartilage destruction in arthritic mice.81,82 A comparable shift

in the Th1/Th2 balance during CIA was observed by Doncarli

and co-workers who analysed the production of IFN-c and

IL-4 following restimulation of draining lymph node cells with

CB peptide fragments of CII.79 Using similar methods,

Okamoto and co-workers recently con®rmed the temporal

shift in the Th1/Th2 balance in CIA, and extended their

®ndings by demonstrating an increase in the number of

splenocytes and peritoneal exudate cells which produce the

Th1-promoting cytokine IL-12 prior to the onset of clinical

arthritis. After disease onset, the numbers of IL-12-producing

cells were seen to decrease concomitant with the observed shift

in the CII-speci®c response from Th1 to Th2.80 Collectively,

these data provide strong evidence that in DBA/1 mice,

in¯ammation and the induction of CIA are mediated by

a dominant Th1 response characterized by the production

of IFN-c. As chronic disease progresses, down-regulation of

the in¯ammatory response is associated with an increase

of Th2 cell-activity and subsequent disease remission.

Although the importance of IFN-c for the promotion of a

Th1 response and the subsequent development of arthritis in

DBA/1 mice has been thoroughly demonstrated, recent studies

have suggested a more complex role for the production of

IFN-c in the regulation of CIA. This was ®rst de®ned in

experiments by Boissier and colleagues, who demonstrated that

IFN-c had a biphasic effect on arthritis.75 Intraperitoneal

administration of anti-IFN-c antibody to mice, up to 28 days

after immunization, reduced the severity of CIA and was

associated with a decreased anti-CII antibody response. By

contrast, identical treatment given to mice later in disease had

no effect or exacerbated arthritis. Further understanding for

the role of IFN-c in CIA was provided by experiments that

used mice with an ablation in the IFN-cR gene (IFN-cRx/x,

H-2b), back-crossed onto a DBA/1 background.83,84 These

mice unexpectedly develop a rapid onset arthritis with

increased incidence in comparison to wild-type DBA/1

mice after CII/CFA challenge. T-cell proliferation and

Th1-associated cytokine production appeared normal in

IFN-cRx/x animals in response to native or CB peptides of

CII. However, the humoral response to CII was reduced, with

levels of CII-speci®c IgG2a being most affected. These ®ndings

imply that IFN-c is not an absolute requirement for the

induction of arthritis and its production may be an important

disease-limiting factor in CIA.

Other models of Th1-mediated autoimmune disease have

also demonstrated a paradoxical role for endogenous IFN-c
in the regulation of the autoimmune response.85,86 Induction

of both EAE and experimental autoimmune uveitis in mice

ablated of IFN-c indicated a protective, rather than disease-

promoting role for IFN-c. One feature common to these

experimental models and CIA is their reliance on CFA to

promote a Th1-type environment for developing autoimmune

responses to co-administered antigen. Since the production of

IFN-c is an effective host-defence mechanism against myco-

bacterial infection, Matthys and colleagues hypothesized that

the mycobacterial component of CFA may dictate the role of

IFN-c in these models of autoimmunity.87 To test this, groups

of IFN-cRx/x mice (H-2q) and wild-type DBA/1 mice were

immunized with CII emulsi®ed in either CFA or IFA to induce

arthritis. As expected, wild-type and mutant mice given CII/

CFA developed CIA, and although the incidence was lower

and the onset delayed, wild-type mice challenged with CII/IFA

developed some arthritis. Signi®cantly, no IFN-cRx/x mice

immunized with CII/IFA developed any clinical or histological

signs of arthritis.87 Protection from disease in these mice was

associated with decreased humoral and cellular responses to

CII. Together, these data indicate that in the absence of myco-

bacterial products, IFN-c has a `natural' disease-promoting

role in CIA. However, when CFA is used as an adjuvant for

CII, the mycobacterial component intensi®es the disease

process. In doing so, additional processes are invoked that

allow endogenous IFN-c to become protective rather than

pathogenic. The rationale for endogenous IFN-c to act to

protect from disease was alluded to following histological

analyses of grossly hypertrophic spleens from IFN-cRx/x

mice receiving CII/CFA. In these animals, a massive expansion

in the numbers of CD11b+ cells was detected, which peaked

with disease onset. Although there was also an expansion of

CD11b+ cells in wild-type mice that received CII/CFA the

increase was much less pronounced and did not lead to

splenomegaly. These results strongly suggest that the myco-

bacterial component of CFA induces myelopoiesis in CD11b+

macrophage-monocyte/granulocyte cell populations which

can then act to promote the arthritogenic response at the

joint. IFN-c limits this response, possibly by modulating

macrophage activity so that these cells are able to clear the

mycobacterial components more rapidly. These ®ndings are

important for understanding mechanisms of pathogenesis in

CIA, since they extend a role for CFA beyond the induction of

arthritis, and demonstrate an additional level of complexity

in the Th1/Th2 cytokine balance during disease.

INFLAMMATORY CYTOKINE PRODUCTION

IN THE JOINTS

Systemically, the Th1 environment in which CII-speci®c T cells

®rst differentiate is directed predominantly by immune

responses towards the mycobacterial component of the adju-

vant. In contrast, the in¯ammatory response at the joint is

mediated by the Th1-dominant anti-CII immune response,

since pro-in¯ammatory cytokine gene activation within

synovial tissue does not occur in mice that are administered

CFA alone.88 Studies to characterize and modulate cytokine

production within the joint during CIA have identi®ed critical

roles for the Th1-associated, pro-in¯ammatory cytokines,

tumour necrosis factor-a (TNF-a) and IL-1 in the regulation

of joint in¯ammation and tissue destruction.88,89 Primarily

secreted by mononuclear phagocytes following activation,

TNF-a contributes to in¯ammatory cell in®ltration by

up-regulating the expression of adhesion molecules on

endothelium, while IL-1 promotes neutrophilia and induces
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the production of prostaglandins and collagenases by joint-

resident chondrocytes, ®broblasts and synoviocytes.90,91

Indeed, intra-articular or systemic administration of either

TNF-a or IL-1 can exacerbate CIA.90,92±94 Conversely, thera-

peutic bene®ts have been observed following systemic admin-

istration of anti-TNF-a or anti-IL-1b antibodies.95,96 Recent

experiments by Joosten and colleagues have further character-

ized the relative contributions of TNF-a and IL-1 in the

pathogenesis of CIA. Using a combination of radiography,

histology and bioassays for collagen degradation and MMP

activity, the researchers demonstrated that blockade of IL-1

activity by administration of antibodies to IL-1a and IL-1b

at the onset of arthritis was highly effective in preventing

cartilage and bone destruction. By contrast, neutralization of

TNF-a led to a reduction in both joint in¯ammation and

oedema, but failed to prevent destruction of the joint.97

Other cytokines that have been implicated in the regulation

of joint in¯ammation are IL-6 and transforming growth

factor-b (TGF-b). IL-6 is both a growth factor in the latter

stage of differentiation for activated B cells and a stimulator

of myelopoiesis. It is secreted by mononuclear phagocytes

in response to stimulation by TNF-a and IL-1. Sasai and

co-workers back-crossed IL-6x/x mice onto a DBA/1 back-

ground. Immunization of these mice with CII/CFA resulted in

a delayed onset and a reduction in the severity of arthritis. This

disease attenuation was associated with decreased cellular and

humoral responses to CII and a shift towards Th2 cytokine

production.98

Although TGF-b is often associated with immune suppres-

sion, its strong chemo-attractant properties for neutrophils

and inherent ability to stimulate synovial ®broblasts make it

a potent inducer of arthritis if delivered locally. Indeed,

Figure 2. A model for the establishment of CIA in H-2q mice. Under the in¯uence of components of mycobacteria in the CFA, the

T-cell response to injected CII develops in the lymph nodes draining the site of challenge. This in¯uence leads to the differentiation

of naõÈve T cells into Th1 cells which then produce IFN-c; in turn, this acts as an isotype switch factor favouring the production of

IgG2a by activated CII-speci®c B cells. IgG2a antibodies enter the joint and upon binding to CII activate complement which

triggers the activation of blood vessel endothelium, facilitating the early entry of activated T cells, monocytes (mw) and neutrophils

(nw). The activation of macrophages by Th1 cell cytokine production causes the release of TNF-a, further fuelling migration from

the blood into the joint space. Inside the joint, the production of IL-1 acts as the primary factor to trigger tissue destruction by

in®ltrating cells and resident synoviocytes, ®broblasts and chondrocytes. Consequent release of joint antigens and in¯ammatory

mediators triggers a positive feedback circuit which continues to drive the disease process even after the numbers of T cells decline.
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intra-articular administration of TGF-b has been shown to

induce a mild synovitis in naõÈve rats and rapidly induces the

onset of CIA following CII challenge.93 In contrast, systemic

administration of TGF-b around the time of CII-challenge can

confer protection from CIA. In this circumstance, disease

protection is associated with a reduction in CII-speci®c

antibody production and joint histopathology.94

Immunohistochemical studies of articular joints have

provided evidence for the in situ production of TNF-a, IL-6

and TGF-b during CIA.89 These cytokines are detected

throughout the synovial lining and pannus at all stages of

disease. In addition, Stasiuk and co-workers detected both

IL-1b and IL-10 mRNA expression within synovial tissue

with maximal levels associated with peak disease severity.88

Contrary to the relative abundance of monokines produced

within the arthritic joint, T-cell-associated cytokines are relat-

ively scarce during clinical disease. MuÈssener and colleagues

could only detect IFN-c in arthritic joints from a panel of four

T-cell-associated cytokines that included IL-2, IL-4 and IL-5.

Furthermore, IFN-c production was limited to the period

associated with disease onset (between 3 and 12 days after the

onset of clinical CIA) and was restricted to areas within the

synovium where T cells were concentrated.89 These ®ndings

are consistent with the notion that a local Th1 response is

important in initiating in¯ammation through recruiting cells

into the joint and inducing mononuclear phagocytes to secrete

TNF-a. However, they also add support to the argument that

after the in¯ammatory response is initiated, the production

of TNF-a, IL-6 and IL-1 are sustained predominantly by

activated populations of CD11b+ cells in the synovium.

Maintenance of CD11b+ cell stimulation within chronically

in¯amed joint tissue may result in part from binding of

degraded extracellular matrix components from cartilage to

macrophages.99,100 Additionally, coexisting responses to the

mycobacterial component of the adjuvant may be suf®cient to

maintain a steady turnover of activated CD11b+ cells which

can then traf®c to the joint and promote in¯ammation.

OVERVIEW

Although the relationship between innate factors and the

adaptive immune response in the induction and chronicity of

CIA are complex and in many cases require further clari®ca-

tion, a model for the critical events in H-2q mice has emerged

from the many recent ®ndings reported here (Fig. 2). Thus, the

interactions between the immune responses to CII and CFA in

the periphery lead to the development of a Th1-mediated

in¯ammatory response directed towards CII. The consequent

production of complement-®xing antibodies against CII

leads to the establishment of in¯ammation in the joint and

this serves to recruit macrophages and neutrophils as well as

T cells which further fuel the in¯ammatory response. In

addition, the presence of mycobacterial products within the

adjuvant promotes the expansion of a population of CD11b+

cells, which can then act as arthritogenic effectors, in®ltrating

the joint and further amplifying the CII-speci®c in¯ammatory

response by the release of cytokines and other in¯ammatory

mediators. These cytokines act on local tissue ®broblasts,

chondrocytes and synoviocytes to trigger the destruction of

cartilage and bone tissue. As disease progresses, the systemic

immune response to CII reverts towards Th2, while increased

production of IL-10 at the joint acts to down-regulate the local

in¯ammatory response. In combination, these events lead to

the eventual remission of arthritis.
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