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CIA = collagen-induced arthritis; IL = interleukin; IFN-γ = interferon γ; IFN-γR = interferon γ receptor; MHC = major histocompatibility complex; PG
= proteoglycan; PGIA = proteoglycan-induced arthritis; R = receptor; RA = rheumatoid arthritis; Th = T helper cell.
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Introduction
Cytokines play critical roles in regulating the outcome of
antigen-specific T-cell responses, and thus have been a
major focus in the study of the pathogenesis of auto-
immunity. On the basis of the original description by
Mosmann et al. [1], we know that the cytokine profile of a
T-cell response to an antigen is indicative of which T
helper (Th) cell pathway is stimulated by the antigen-pre-
senting cell. Th1 responses, generally characterized as
cell-mediated immune responses, are identified primarily
by the presence of IL-12, IL-2 and IFN-γ, whereas Th2
responses, generally characterized as humoral responses,
are defined primarily by the production of IL-4 and IL-10.
In addition to these characterizations, there is convincing
evidence that these two pathways are antagonistic, in
other words Th1 cytokines repress Th2 responses, and
Th2 cytokines repress Th1 responses. Learning how to
regulate these responses therapeutically, therefore, has
become an important focus in autoimmunity research.

Most autoimmune diseases and models of autoimmunity in
which susceptibility is associated with the expression of
specific MHC class II allotypes appear to be of the Th1
type, based on these cytokine definitions of Th function.
Thus considerable emphasis has been placed on develop-
ing means of altering the course of the autoimmune Th1
response to become that of a Th2 response, with the goal
of downregulating the autoimmune pathogenesis. These
cytokine networks not only influence the function of T cells
involved in the pathogenesis of the autoimmune disease,
however, but also affect qualitative differences in the anti-
body responses that are often associated with autoim-
mune disease, or, in some cases, represent the actual
pathogenic mechanism. For example, IFN-γ, a cytokine
strongly associated with a Th1 response, is an important
regulator of the production of IgG2a antibody, a subclass
frequently associated with a pathogenic autoantibody
response, while IgG1 production (promoted by IL-4) pre-
dominates in a Th2 response. IFN-γ, therefore, has been
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considered a prime target for modulating autoimmunity,
with the hypothesis being that if IFN-γ expression can be
downregulated, then both the Th pathway and the produc-
tion of pathogenic autoantibody can be altered. Data gen-
erated using models of autoimmunity have revealed a
much more complex role of the Th1 cytokine IFN-γ in
autoimmune pathogenesis than expected. As we discuss
below for several models of autoimmunity, IFN-γ, despite
being a component of a ‘pathogenic’ Th1 response, can
also play a protective role in the development of an
autoimmune response. Furthermore, the regulation of
IgG2a and IgG1 isotypes appears to be more complex
than previously thought.

IFN-γγ and models of autoimmunity
The vast majority of autoimmune diseases studied and their
corresponding animal models have been characterized as
being mediated by the Th1 pathway, based on cytokine
expression patterns in lymphoid and targeted tissues.
Although the original paradigm of Th1 and Th2 cell function
described a distinct separation of cytokines and function in
T-cell-dependent immune responses, through the use of a
number of models of autoimmunity it has become clear that
these stereotyped roles do not accurately reflect the com-
plexities of the biological immune responses. These com-
plexities are perhaps best demonstrated in the analysis of
the role of IFN-γ in models of autoimmunity. Early attempts
to define the role of IFN-γ in autoimmunity by the adminis-
tration of IFN-γ or neutralizing antibodies specific for IFN-γ
yielded conflicting results. In some experimental systems
disease was accelerated, while in others it was prevented,
with these differences being confounded by a number of
experimental variables. The use of models in which either
IFN-γ or the IFN-γ receptor (IFN-γR) had been genetically
deleted revealed that, in the absence of a competent IFN-γ
response, disease incidence and severity were enhanced
in the majority of autoimmune models tested (Table 1).
These data include both models in which T cells are the
primary mechanism of pathogenesis [2–4] as well as those
in which autoantibody is the primary pathogenic mecha-

nism [5–8]. Yet perhaps even more puzzling is that, for at
least two models with seemingly different pathogenic
mechanisms (experimental myasthenia gravis [9,10] and
proteoglycan-induced arthritis [11]), expression of the
experimental disease was found to be dependent on IFN-γ.

IFN-γγ in collagen-induced autoimmune
arthritis
One model of autoimmunity in which the role of IFN-γ has
been studied in detail is collagen-induced arthritis (CIA) in
the mouse. In this model, an autoimmune arthritis resem-
bling rheumatoid arthritis (RA) is induced by immunization
of genetically susceptible strains of mice with type II colla-
gen [12]. Disease susceptibility is restricted by the murine
class II molecule I-A (specifically I-Ar and I-Aq haplotypes)
[13], and subsequently, CD4+ T cells play a central role in
the immunopathogenesis of this experimental autoimmune
disease. The collagen type II (CII)-specific T-cell response
is predominated by Th1 cells producing IL-2 and IFN-γ
that in turn drive the production of complement-fixing CII-
specific IgG2a, a major component in the pathogenesis of
this experimental disease [14].

Early attempts to define the role of IFN-γ in CIA by the
administration of IFN-γ or neutralizing antibodies specific
for IFN-γ yielded conflicting results [15–19], probably
because of variations in timing, sites and means of admin-
istration. Studies of CIA development in genetically sus-
ceptible mice in which IFN-γ (Y Guedez and E Rosloniec,
unpublished observations) or the IFN-γ receptor (IFN-γR)
[6,7] had been deleted revealed that autoimmune arthritis
develops faster and is more severe in the absence of an
IFN-γ response. Despite efforts by numerous investigators,
a clear consensus on how the absence of a potent Th1
cytokine such as IFN-γ renders an animal more suscepti-
ble to a Th1-mediated autoimmune response is still
lacking. Although it might be predicted that, in the
absence of IFN-γ, there would be a compensatory
increase in Th2 cytokines, such as IL-4 and IL-10, no evi-
dence for enhanced expression of any of the Th2

Table 1

Role of IFN-γγ in various models of autoimmunity.

Immunopathogenic Genetic Effect on disease 
Autoimmune model mechanism deletion incidence or severity References

Experimental autoimmune encephalomyelitis T cells IFN-γ Increased [10]

Experimental autoimmune myasthenia gravis Antibody IFN-γR Decreased [10]

Experimental autoimmune thyroiditis T cells IFN-γR Accelerated, less severe [5]

Collagen-induced arthritis Antibody IFN-γR & IFN-γ Increased [6–8]

Uveitis T cells IFN-γ Increased [4]

Proteoglycan-induced arthritis T cells IFN-γ Decreased [11]
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cytokines in these models has been demonstrated. Thus,
despite the association of CIA with a strong Th1
response, the absence of an IFN-γ response in genetically
susceptible mice enhances the development of auto-
immune arthritis, and this occurs despite the lack of CII-
specific IgG2a that has been presumed to be a major
factor in the initiation of the pathogenesis.

Analogous to the paradoxical role of IFN-γ in CIA is the
apparent surprising role of its counterpart, IL-4. When the
function of IL-4 was neutralized either by antibody admin-
istration or genetic deletion, the onset and severity of CIA
were greatly reduced [20]. Similar results were obtained
in a complementary approach using DBA/1 mice express-
ing an IL-2Rb/IL-4R chimeric transgene. In this approach,
IL-2 binding of the receptor transmits a signal via the IL-4
pathway [21]. Like the IFN-γ-deficient mice, arthritis devel-
oped in these chimeric transgenic mice at an accelerated
rate and with increased severity. The autoimmune disease
was associated with an increase in type 2 cytokines (IL-4,
IL-5, IL-10), and an increase in CII-specific IgG1 levels, with
IgG2a levels comparable to those in nontransgenic mice.
Despite the elevated levels of Th2 cytokines, however, IFN-γ
production was not significantly affected, again indicating
the complex relationships among these mediators.

A regulatory role of IFN-γ in models of autoimmune arthritis
is also supported by studies using strains genetically non-
susceptible to CIA. Although CIA susceptibility is
restricted to strains expressing H-2q and H-2r class II
alleles, other strains, such as C57BL/6 (B6, H-2b),
develop marginal T-cell and B-cell immune responses to
CII without developing autoimmune arthritis [8,13]. Yet
when IFN-γ is genetically deleted from the B6 genome (B6
IFN-γ–/–), these mice become acutely susceptible to the
development of CIA [8,20]. The arthritis in the B6 IFN-γ–/–

mice is accompanied by an enhanced T-cell response and
high amounts of IgG1 and IgG2b CII-specific antibody.
Like the studies in the CIA susceptible models, cytokine
analysis did not reveal any significant changes in the
remaining Th1 or Th2 cytokines but did reveal elevated
levels of IL-1β in the lymph nodes and synovial cells of
arthritic B6 IFN-γ–/– mice. The elevated levels of IL-1β
appear to be important for the development of the
disease, as treatment of B6 IFN-γ–/– mice with anti-IL-1β
significantly reduced the incidence and the severity of the
arthritis [8]. In all, these data serve as a clear example of
the complexity of both the dynamics of the cytokine milieu
as well as the complex relationships that exist between the
Th1 and Th2 cytokines regulating the development of an
autoimmune and inflammatory response.

Role of IFN-γγ in proteoglycan-induced arthritis
Recently, Kaplan et al. [11] examined the role of IFN-γ in
another model of autoimmune arthritis, proteoglycan-
induced arthritis (PGIA). Like CIA, the induction of PGIA is

based upon Th1-mediated cross-reactive immune
responses between the heterologous immunogen (proteo-
glycan) and the self-antigen located in the articular joints
[22–24]. The arthritis in PGIA is characterized by a pro-
gressive disease course with intermittent exacerbations
and remissions reminiscent of the clinical appearance of
RA. To date, only Balb/c mice have been found to be sus-
ceptible to PGIA [22–24], which is interesting in that this
strain has a genetic predisposition to generating Th2
responses [25]. Although PGIA is considered a Th1-medi-
ated experimental disease, it is clear that the immuno-
pathogenesis involves a complex pattern of Th1 and Th2
cytokines with elevated levels of PG-specific IgG1 domi-
nating in comparison to IgG2a, yet a strong predominance
of IFN-γ over IL-4 in inflamed paws [11,26].

Despite the fact that both CIA and PGIA are considered
to be Th1 models of RA, the role of IFN-γ appears to be
totally different in these two models. Based on the recent
report by Kaplan et al. [11], Balb/c mice genetically defi-
cient in IFN-γ (knockout) are resistant to the development
of PGIA. Arthritis incidence and severity were both found
to be reduced in these mice in comparison to wild-type
Balb/c mice, and, as would be expected, the amount of
PG-specific IgG2a was also significantly decreased in the
IFN-γ-deficient mice. Thus these data indicate that IgG2a
is likely to be a major factor in the pathogenesis of this
model, despite the observation that IgG1 predominates in
the immune response to PG. These data were supported
by studies of PGIA in IL-4-deficient Balb/c mice [11]. In
the absence of IL-4, Balb/c mice developed an acceler-
ated and very severe PGIA that was accompanied by an
increase in IFN-γ and a sixfold increase in PG-specific
IgG2a. Surprisingly, the levels of PG-specific IgG1 were
only minimally decreased in the IL-4-deficient mice, sug-
gesting that, at least in Balb/c mice, IgG1 production may
be heavily influenced by yet other cytokines.

Conclusion
Animal models of autoimmune disease are providing a
valuable means of analyzing the functional roles of
cytokines in the pathogenesis of autoimmunity. The origi-
nal description of Th1 and Th2 responses has provided us
with a valuable framework for advancing our understand-
ing of pathogenic T cell responses, and we now are begin-
ning to understand the complexities that regulate these
responses. Although the data from Kaplan et al. [11]
provide some interesting insight into the development of a
pathogenic autoimmune response, they represent single
time point analyses, making it difficult to decipher the
complex regulation of the humoral responses and the
complex dynamics of the cytokine milieu present during
the development of autoimmunity. Multiple time point
analyses of antibody production and multiplexed cytokine
expression profiling may help to increase our understand-
ing of the complexities of the regulation of autoimmune
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humoral responses and the role they play in mediating
susceptibility to autoimmune disease. For example, mice
treated with IL-18 or IL-18 plus IL-12 produced markedly
more collagen-specific IgG1 and IgG2a than did controls,
whereas IL-12 treatment alone enhances only the IgG2a
responses [27]. Regardless, it is clear from these data and
the studies from many others using murine models of
autoimmunity that cytokine circuits involved in the regula-
tion of humoral and cell-mediated immune responses in
the development of autoimmune diseases are more
complex than originally proposed, and perhaps our charac-
terization of autoimmune responses as Th1 or Th2 is overly
simplistic, especially as it pertains to the role of IFN-γ.
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