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Abstract
The pathogenesis of T cell-mediated diseases like rheumatoid arthritis (RA) has typically been
explained in the context of the Th1-Th2 paradigm: the initiation/propagation by pro-inflammatory
cytokines, and downregulation by Th2 cytokines. However, in our study based on the adjuvant-
induced arthritis (AA) model of RA, we observed that Lewis (LEW) (RT.1l) rats at the recovery
phase of AA showed the highest level of IFN-γ in recall response to mycobacterial heat-shock protein
65 (Bhsp65), whereas AA-resistant Wistar-Kyoto (WKY) (RT.1l) rats secreted high levels of IFN-
γ much earlier following disease induction. However, no significant secretion of IL-10 or TGF-β was
observed in either strain. Furthermore, pre-treatment of LEW rats with a peptide of self (rat) hsp65
(R465), which induced T cells secreting predominantly IFN-γ, afforded protection against AA and
decreased IL-17 expression by the arthritogenic epitope-restimulated T cells. These results provide
a novel perspective on the pathogenesis of autoimmune arthritis.
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INTRODUCTION
Rheumatoid arthritis (RA), multiple sclerosis (MS) and insulin-dependent diabetes mellitus
(IDDM) represent three of the major human autoimmune disorders that are considered to be
typical T cell-mediated diseases [1–7]. Until very recently, a simplified understanding of the
pathogenesis of these diseases has invoked the damaging or pathogenic attribute of the T helper
1 (Th1) response versus the suppressive or regulatory function of the T helper 2 (Th2) response
directed against specific disease-related antigens (Ags) [7–10]. This paradigm has been the
cornerstone of the models of disease pathogenesis as well as therapeutic strategies for over two
decades. However, the gradual accumulation of contradictory findings in some experimental
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model systems [7,11–17] as well as the emerging role of interleukin-17 (IL-17) in the
pathogenesis of inflammatory and autoimmune diseases [7,18,19] point to the need for
revisiting the tenets of the Th1-Th2 paradigm in each of the major autoimmune diseases.
Studies in models of experimental autoimmune encephalomyelitis (EAE) [7,20,21], collagen-
induced arthritis (CIA) [14,21,22]}, type 1 diabetes (T1D) [15], uveitis [12], and myocarditis
[13] have elaborated upon the disease-protective role of the pro-inflammatory cytokine, IFN-
γ. In this study, we describe that IFN-γ is associated with protection against adjuvant arthritis
(AA), which is considered to be a Th1-mediated disease. Our results validate and further
enlarge the scope and implications of observations reported earlier in the AA model [23,24].

Adjuvant arthritis, an experimental model of human rheumatoid arthritis (RA), can be induced
in the Lewis (LEW) (RT.1l) rat by s.c. injection of heat-killed M. tuberculosis (Mtb) H37Ra
[25–27]. Arthritic LEW rats raise T cell response to mycobacterial heat shock protein 65
(Bhsp65), and the T cells directed against the determinant region 180–188 and its longer
variants are believed to represent the pathogenic subset of T cells [28–33]. AA is self-limiting
with a gradual regression of inflammation. Unlike LEW rats, MHC-compatible Wistar-Kyoto
(WKY) (RT.1l) rats are resistant to AA despite their ability to raise potent T cell response to
Bhsp65/Mtb [29,30]. The AA model has extensively been used over the past 5 decades for
studies pertaining to disease pathogenesis and testing of new anti-arthritic agents. However,
neither the cytokine profile of antigen (Bhsp65)-specific T cells at different phases of the
disease nor the comparative cytokine responses of AA-susceptible versus AA-resistant rat
strains have yet been fully defined.

In this study, we examined the temporal cytokine profiles of the Bhsp65-specific T cells in
Mtb-immunized LEW and WKY rats, and further applied that information for
immunomodulation of AA. Our results show that high levels of the pro-inflammatory cytokine
IFN-γ are associated with recovery/resistance in AA, and that the IFN-γ induced by the disease-
regulating peptide 465-479 of self (rat) hsp65 (R465) [34] downmodulates AA in part by
suppressing IL-17. These results warrant a revisitation to the mechanisms underlying the
pathogenesis of AA, which is considered to be a typical Th1-mediated disease.

METHODS
Animals

Male, 4–6 wk old Lewis (LEW/Hsd) (RT.1l) and Wistar-Kyoto (WKY/NHsd) (RT.1l) rats were
purchased from Harlan Sprague-Dawley (HSD) (Indianapolis, IN and Madison, WI,
respectively). The animals were housed in the vivarium of the University of Maryland School
of Medicine (Baltimore, MD) and were handled in accordance with the guidelines of the
institutional animal care and use committee (IACUC).

Antigens/Mitogen/Cytokine
The recombinant Bhsp65 was expressed and purified in our laboratory as described in detail
elsewhere [34,35]. Specific peptides containing the amino acid (a.a.) sequences of Bhsp65 and
Rhsp65 were obtained from Macromolecular Resources and Global Peptide Services (both at
Fort Collins, CO) [34,35]. These include Bhsp65 peptides 180-188 (B180), 177-191 (B177),
333-379 (B333); Rhsp65 peptide 465-479 (R465); and HEL peptide 65-78 (HEL65).
Tuberculin purified protein derivative (PPD) was purchased from Mycos Research (Fort
Collins, CO). Hen eggwhite lysozyme (HEL) and Concanavalin A (Con A) were obtained from
Sigma-Aldrich Co. (St. Louis, MO).
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Induction and evaluation of AA
Rats were immunized s.c. at the base of the tail with 200 μL (5 mg/mL) of heat-killed M.
tuberculosis H37Ra (Mtb) (Difco, Detroit, MI) suspended in mineral oil (Sigma-Aldrich).
Beginning d 7 after immunization, these rats were scored daily for signs of arthritis. The
severity of arthritis in each paw was graded on the basis of erythema and swelling of the paw
on a scale of 0 to 4 [29,35]. The highest arthritic score was 4 for each paw, with the maximum
score of 16 per rat. Furthermore, the phases of AA were labeled as follows: incubation (Inc),
onset (Ons), peak (Pk), and recovery (Rec) phase.

Lymph node cell (LNC) proliferation assay
The draining lymph nodes (para-aortic, inguinal, and popliteal) of arthritic LEW rats were
harvested at the pre-defined phase of AA. LNC of WKY rats immunized with Mtb were
harvested at the time points corresponding to different phases of AA in LEW rats. Thereafter,
a single-cell suspension of LNC was prepared, and the cells were washed thrice with HBSS
(Invitrogen, Frederick, MD) [29,35]. These LNC were cultured at 37°C in 95% air and 5%
CO2 in a flat-bottom 96-well plate at a concentration of 2.5 × 105 cells/well in HL-1 serum-
free medium (Ventrex Laboratories, Portland, ME) supplemented with 2 mM L-glutamine,
100 U/mL penicillin G sodium, and 100 μg/mL streptomycin sulfate, with or without antigen.
Con A was used as a positive control, whereas HEL served as a negative control. The results
of [3H]-thymidine (International Chemical and Nuclear, Irvine, CA) incorporation in cells were
expressed either as counts per minute (cpm) or as a stimulation index (S.I. = cpm of cells
cultured with antigen/cpm of cells in medium alone). LNC of each rat in a group were tested
separately in replicates and then the results were pooled together.

Collection of supernatant from LNC culture and testing for cytokines by ELISA
As the pathogenesis of autoimmune arthritis involves T cells, B cells, and myeloid lineage cells
[36–38], we tested bulk LNC to assess the overall disease-relevant cytokine milieu within the
draining nodes in vivo during the course of AA. The draining LNC of Mtb-immunized LEW
and WKY rats were harvested at defined time points post-injection (Inc, Ons, Pk, and Rec
phase) and cultured in a 96-well plate as described above. These LNC were then restimulated
with the appropriate antigen in vitro, and the culture supernates were collected at 48 or 72 h
thereafter [35]. These supernates were either tested immediately or stored at −20°C for testing
at a later time point using ELISA kits for detection of IFN-γ and IL-10 (all from Biosource,
Camarillo, CA), or for TGF-β1 (R&D Systems, Minneapolis, MN). The detection limit (pg/
mL) of assays for IFN-γ, IL-10, and TGF-β1 was 13, 10, and 4.2, respectively. (Other
investigators [31,33] and us (Moudgil, K.D. and Kim, E, personal observation) have found the
detection of rat IL-4 rather difficult, and therefore, relied on IL-10 instead.) The assays were
performed following the manufacturer’s instructions, and the results were expressed as pg/mL.
For comparison between groups, background cytokine levels were deducted from antigen-
induced cytokines and the results were expressed as Δ pg/mL (pg/mL of cytokine from cells
cultured with antigen – pg/mL of cytokine from cells in medium alone) [35,39]. For each rat
in a group, LNC culture supernates in replicates were tested separately and then the results
were pooled together.

Measurement of cytokines by ribonuclease protection assay (RPA) and real-time PCR
RNA was isolated from antigen-primed or control LNC by Trizol reagent (Invitrogen,
Frederick, MD). The purity and quantity of RNA was estimated by reading the absorbance of
purified RNA in a spectrophotometer at 260 and 280 nm. A) RPA: RPA was then performed
using rat template sets (rCK1, 2, and 3) according to the manufacturer’s instructions (BD
Pharmingen, San Diego, CA) [40,41]. Probes labeled with α-32P-uridine triphosphate (8 ×
105 cpm) were hybridized with total RNA (10 μg) prepared from LNC. The hybridized RNA
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were treated with RNase A and T1, and then run on a 5% urea-polyacrylamide-bisacrylamide
(19: 1) gel. The expression of cytokines was quantified by phosphor imaging using L32 (a
housekeeping gene: ribosomal protein L32) as a standard, and the results were presented as
‘normalized total pixel’. B) Real-time PCR: RNA was reverse transcribed using the iScript
cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA), and the resulting cDNA was tested
in a quantitative real-time PCR assay using SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA) and ABI Prism 7900HT cycler (Applied Biosystems, Foster City,
CA). Appropriate primers (synthesized at the Biopolymer Core Facility, UMB, Baltimore,
MD) using the Primer Express 2.0 Program (Applied Biosystems, Foster City, CA) were
designed for the detection of mRNAs for IL-17, IL-23, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The expression of cytokines was standardized against GAPDH
expression, and the results were presented as ‘relative gene expression.’ The sequence of PCR
primers was as follows: IL-17, forward: ttccatccatgtgcctgatg; IL-17, reverse:
ctcggcgtttggacacact; IL-23, forward: aggtctcaaggacaacagcca; IL-23, reverse:
aaggctcccctgtgaagatgt.

Pre-treatment of LEW rats with R465 and its effect on subsequent AA
Antigen (R465 or HEL) was emulsified in IFA and then used for s.c. immunization (200 ug/
rat) of LEW rats. After 2 wk, these rats were injected with heat-killed Mtb for the induction of
AA as described above. Thereafter, all rats were scored regularly for the severity of arthritis.
The difference in the arthritic scores of the experimental (R465-treated) and control (HEL-
treated) group of rats were analyzed statistically.

Adoptive transfer of Ag-primed LNC into LEW rats
LEW rats were immunized s.c. at the base of the tail either with peptide R465 in IFA
(experimental group) or with peptide 65-78 of HEL (HEL65) in IFA (control group). After 2
wk, the draining LNC were harvested and cultured (3 × 106 cells/mL) for 48 h in complete
RPMI-1640 (RPMI-1640 medium supplemented with 10% heat-inactivated FBS (Life
Technologies, Rockville, MD), 1% L-glutamine, 1% penicillin-streptomycin, and 2-ME (5 ×
10−5 M)) in the presence of Con A (2.5 μg/mL) [35]. Thereafter, these cells were collected,
washed thoroughly, and transferred i.v. into naïve LEW rats at 1 × 108 cells/rat. On the day of
cell transfer, the recipient rats and naïve rats (additional control) were immunized with Mtb (1
mg/rat) s.c. for induction of AA, and rats were then observed regularly for signs of arthritis.
The severity of the disease was graded as described above.

Statistical analysis
Student-t test was used to test the statistical significance of the differences observed among
various test and control groups. Either one- or two-tailed assuming equal or unequal variance
(determined by the F test) was used as appropriate for the data. Nonparametric Wilcoxon-rank
sum test was employed to compare the arthritic scores of any two groups of rats over the entire
disease course. In all these tests, p < 0.05 was considered to be significant, except for two-
tailed Student-t test for which p < 0.025 served as the cut-off value.

RESULTS
IFN-γ secretion level is highest during Rec phase of AA in LEW rats, but at Inc phase after
Mtb challenge in AA-resistant WKY rats

To examine the temporal cytokine secretion profile in response to Bhsp65 during the course
of AA, the draining LNC of Mtb-injected LEW rats were harvested at different time points
corresponding to the Inc, Ons, Pk, and Rec phases of the disease as described above, and the
supernates of LNC restimulated in vitro with the appropriate Ag were collected and tested for
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various cytokines by ELISA. In parallel, supernates of LNC harvested from Mtb-immunized
WKY (AA-resistant) rats at the time points corresponding to different phases of AA in the
LEW rat were also tested. The antigens tested include native Bhsp65 and two overlapping
peptides of Bhsp65 (B177 and B180), which represent the arthritogenic epitope of Bhsp65
[29,31,32]. These two peptides are crossreactive at the T cell level, but the longer peptide is a
better immunogen as well as a recall antigen compared to the shorter peptide.

There was little or no detectable ex vivo secretion of IFN-γ by LNC throughout the period of
observation post-Mtb immunization of both LEW and WKY rats (data not shown). However,
following restimulation with Bhsp65, there was a gradual increase in IFN-γ secretion by LNC
of LEW rats with time post-Mtb injection, while an inverse profile was observed in WKY rats
(Fig. 1). The IFN-γ levels secreted in response to B177 and B180 increased with time post-
Mtb injection in LEW rats with the level for B177 higher than that for B180, and these levels
were much higher than the minimal secretion observed in WKY rats. Taken together, AA-
susceptible LEW rats paradoxically secreted predominantly pro-inflammatory cytokine IFN-
γ during the Rec phase, when clinical signs of arthritis were in gradual regression, while AA-
resistant WKY rats secreted high levels of the same cytokine during the Inc phase. These results
suggest a positive association between the levels of IFN-γ and recovery/protection from
arthritis.

The levels of IL-10 are relatively lower during Rec/Inc phase in LEW/WKY rats, respectively
than that of the ex vivo levels suggesting inhibition by Th1 cytokines

We also examined the secretion of immunoregulatory/anti-inflammatory cytokines, IL-10 and
TGF-β, during the course of AA. The profile of ex vivo IL-10 secretion by LNC of LEW rats
followed that of the clinical course of AA (Fig. 2). Compared to the ex vivo secretion, IL-10
secretion in response to Bhsp65 was suppressed at both Ons and Pk phases in LEW rats, but
only at Ons phase in WKY rats. This low IL-10 secretion (Fig. 2) contrasted with the high IFN-
γ secretion (Fig. 1), suggesting the inhibition of IL-10 secretion by the Th1 cytokine. However,
the pattern of IL-10 secretion in response to B177 and B180 was similar to that of ex vivo
secretion for LEW/WKY rats. These results show that no significant IL-10 secretion was
induced by these Bhsp65 peptides. In comparison to IL-10, there was no significant secretion
of TGF-β in LEW or WKY rats either ex vivo or following Ag recall at different time points
following Mtb immunization (data not shown).

As described above, LEW and WKY rats immunized with Mtb reveal different profiles of
cytokine responses. This difference in these two rat strains reflects a difference in the qualitative
functional attributes of the Mtb-primed, antigen-recalled T cells rather than a quantitative
difference in their response to Bhsp65 because the LEW and WKY rats immunized with Mtb
gave comparable levels of proliferative responses to Bhsp65 and its pathogenic determinant
B177 (Fig. 3). These results indirectly also suggest comparable levels of cellular priming events
in the draining lymph nodes of Mtb-immunized LEW and WKY rats.

Pre-treatment of LEW rats with AA-modulating C-terminal determinant 465-479 of Rhsp65
(R465) enhances Th1 cytokine expression but downregulates IL-17 expression by Mtb-
immunized LNC in response to B177

Considering that the IFN-γ secretion profile of LNC re-stimulated with Bhsp65 or its
pathogenic epitope B177/B180 correlated with reduced severity of AA, we reasoned that IFN-
γ might induce protection against AA. To avoid potential toxicity, we explored a more practical
approach for immunomodulation than the use of IFN-γ per se, namely, using a peptide of
Rhsp65, R465-479 (R465), which we have previously shown to downmodulate the course of
AA [34]. However, in that earlier study, neither the ability of R465-primed lymphoid cells to
transfer protection against AA nor the cytokine profile of R465-reactive cells was determined.
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Therefore, we first examined these two aspects of R465, and then tested the influence of R465
pre-treatment on the immune response to the disease-related Ags to seek some insight into the
AA-protective effect of R465. Prior to performing the adoptive transfer experiment, we
independently validated the previously reported [34] AA-protective effect of the R465 peptide
preparation used in this study (Fig. 4A).

In another set of experiments relating to adoptive transfer, we observed that the injection of
R465-primed LNC into naïve LEW rats down-modulated the severity of AA (p<0.05) (Fig.
4B), further validating the results of peptide (R465)-induced protection (Fig. 4A) against
subsequent AA. Moreover, the cytokine profile of these R465-primed cells showed an
enhanced expression of IFN-γ, TNF-α, and TNF-β compared to that of the medium background
or of the HEL-restimulated, control LNC (Fig. 5A), whereas IL-4, IL-5, and TGF-β1 were not
detected (data not shown), and IL-10 expression was approximately three-fold lower than that
of the pro-inflammatory cytokines. The results of ELISA for cytokine secretion by R465-
primed LNC also showed a four-fold higher expression of IFN-γ compared to IL-10 (Fig. 5B).
Thus, R465-primed LNC secreted predominantly pro-inflammatory cytokines.

We then determined the influence of R465 pre-treatment of LEW rats on the cytokine response
to the arthritogenic epitope B177 of Bhsp65 following Mtb injection (test group) (Fig. 5D),
and compared this with the response to B177 in rats that received PBS/IFA pre-treatment
followed by Mtb injection (control group) (Fig. 5C). The results showed that R465 pretreatment
led to increase in the expression of IFN-γ, TNF-α, and TNF-β in response to the pathogenic
determinant B177 compared to the control group. Furthermore, an increase was also noted for
IL-1α and IL-1β expression. Thus, pro-inflammatory cytokine secretion was upregulated
following pre-treatment with R465, and it was associated with downmodulation of AA instead
of aggravation of the disease.

It is increasingly being realized that IL-17 and IL-23 play an important role in inflammation
and tissue-specific autoimmune diseases such as RA and multiple sclerosis (MS) [18]. To
further define the AA-protective mechanisms induced by R465, we tested the expression, if
any, of IL-17 by B177-reactive LNC and its modulation by R465. B177-restimulation of LNC
of PBS-pretreated, Mtb-immunized LEW rats revealed a much higher level (23.2) of the
relative gene expression for IL-17 compared to that (6.4) of control LNC cultured in medium
alone (Fig. 6). However, no such increase was observed following restimulation of LNC with
the control peptide B333 or with native Bhsp65. Interestingly, R465-pretreatment of LEW rats
prior to Mtb challenge led to a significant suppression of the IL-17 gene expression in response
to B177-restimulation. In contrast to IL-17, no significant change in IL-23 gene expression
was observed in LNC upon restimulation with B177 or Bhsp65 (data not shown). Thus, the
modulation of AA by R465 involves differential modulation of Th1 cytokines (Fig. 5) and
IL-17 (Fig. 6).

DISCUSSION
In this study, we examined the Ag-specific cytokine responses to Bhsp65, B177, and B180 in
AA-susceptible LEW rats versus AA-resistant WKY rats following a potentially arthritogenic
challenge with Mtb. The overlapping peptides B177 and B180 contain the arthritogenic epitope
180-188 of Bhsp65 [29,31,32]. As Bhsp65 contains multiple T cell epitopes [28–33], the
cytokine profile of LNC of LEW/WKY rats recalled with Bhsp65 is expected to show
differences compared to those obtained using B177/B180 as recall antigens. In addition, the
overlapping peptides B177 and B180 are expected to show subtle differences in cytokine
profiles owing to their differences in immunogenicity and avidity for T cell recall response
[29,31,32]. Furthermore, although both LEW and WKY rats raise potent proliferative T cell
response to B177/B180 following Mtb challenge [29], their cytokine responses to these two
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epitopes have not been tested before. Considering that LEW rats are AA-susceptible, whereas
WKY rats are AA-resistant [29,42], differences in cytokine secretion in response to B177 and/
or B180 in the two rat strains are not unexpected. Furthermore, LEW and WKY rats
differentially respond to multiple epitopes of Bhsp65 after Mtb immunization [29], therefore,
one or more of the multiple epitopes of Bhsp65 besides B177/B180 can contribute to the
cytokines secreted in recall response to native Bhsp65 in LEW as well as WKY rats.

LEW rats secreted predominantly Th1 cytokine IFN-γ at the highest level during the recovery
phase of AA, while WKY rats secreted the same cytokine at the maximum level relatively early
after Mtb challenge, when LEW rats neither showed signs of clinical arthritis nor produced
any significant amounts of IFN-γ. In contrast, no significant secretion of IL-10 or TGF-β was
observed in LEW or WKY rats. These results suggest that the pro-inflammatory cytokine IFN-
γ rather than the typical immunoregulatory/anti-inflammatory cytokines plays a major role in
recovery from, as well as resistance against, AA.

We observed that AA in the LEW rat was downmodulated by a Th1-inducing peptide (R465)
of self hsp65, both by the pretreatment with R465 in IFA and by the adoptive transfer of R465-
primed T cells. The pro-inflammatory cytokine transcript levels following immunization with
R465 were increased by approximately 50% (for TNF-α and TNF-β to more than 200% (for
IFN-γ) above the controls, while the levels of anti-inflammatory cytokine transcripts were
either not detected (for IL-4, IL-5 and TGF-β1) or were much lower (for IL-10) than the levels
of pro-inflammatory cytokines. The results of RPA were further validated by testing of
cytokines by ELISA. Furthermore, pretreatment with R465 caused an increased expression of
pro-inflammatory cytokines in response to the arthritogenic epitope B177 in Mtb-immunized
LEW rats compared to cytokine secretion by B177 in rats pre-treated with PBS/IFA and
immunized with Mtb. Thus, a pro-inflammatory type of cytokine response to the pathogenic
determinant of Bhsp65 was associated with decreased severity of AA. Our results regarding
the protective effect of IFN-γ are supported by those of others showing that the administration
of recombinant IFN-γ led to reduced severity of AA and improved recovery from the disease
[43], and that the injection of anti-IFN-γ antibodies before induction of AA [44] as well as to
recipient rats prior to adoptive transfer of arthritogenic LNC [23] aggravated the severity of
arthritis. Taken together, these two complementary approaches demonstrate the protective
effect of IFN-γ against AA. In addition, other investigators have also reported that Ag-induced
T cells that are capable of suppressing AA secrete relatively higher levels of IFN-γ compared
to that of IL-10 [31].

Furthermore, it has been shown in another model of arthritis that IFN-γ−/− mice exhibited
increased severity of collagen-induced arthritis (CIA) [14], and that IFN-γ regulates
susceptibility to CIA [22]. The results of the disease-protective effect of IFN-γ in two different
models of arthritis (AA in this study and CIA [22]) involving two different target antigens as
well as two rodent species corroborate the significance of this physiologically relevant
observation. Also reported are the failure of IFN-γR−/− mice to recover from EAE [7,20] and
the role of IL-12/IFN-γ–mediated protective mechanisms in animal models of diabetes [15],
uveitis [12] myocarditis [13], and cardiac allograft [45]. These studies coupled with ours show
that IFN-γ can regulate autoimmune pathology involving pro-inflammatory cytokines.

Besides IFN-γ and TNF-α other cytokines such as IL-17 and IL-23 have been shown to be
important in inflammation and autoimmune diseases such as RA [46] and CIA [7,47,48]. IL-17
was found in RA synovium, and it has been shown to synergize with IL-1 to induce IL-6
production by synovial fibroblasts from RA patients [46]. A study in AA showed that IL-17
was expressed transiently in the LN during early part of the disease (Inc phase) [24]. In our
study, we have shown that B177-reactive T cells express IL-17, and that the suppression of
this IL-17 production is associated with decreased severity of AA following R465-pretreatment
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of LEW rats. This result is indirectly supported by the finding that IFN-γ may negatively
regulate the differentiation of naïve CD4+ T cells into IL-17-producing T cells [19]. Finally,
the AA-protective effects of R465 treatment might also involve antigen-induced CD4+CD25
+ T cells [49–51] and disease-regulating antibodies [33,42]. Besides peptide-based approaches,
the regulatory attribute of IFN-γ in arthritis also can be further explored for therapeutic purposes
by inducing appropriate modulation of cytokine signaling [52].

Our results show that high levels of IFN-γ have a regulatory role in AA. However, this cytokine
is also known to play a role in the induction and maintenance of inflammation [8,9]. Therefore,
to reconcile these contrasting roles of IFN-γ, we propose a model in which a particular threshold
of this cytokine is required for the initiation of inflammation, but the secretion of the same
cytokine beyond a critical level triggers regulatory mechanisms that suppress the ongoing
inflammation. Furthermore, the modulation of IL-17 production can help explain the seemingly
unexpected results of some of the earlier studies in animal models of autoimmunity in which
the interpretations regarding the outcome of altered IFN-γ level/activity were based primarily
on the classical Th1-Th2 paradigm [7,18,19]. In this regard, the Th17 hypothesis has emerged
as a new paradigm in fully understanding the pathogenesis and immune regulation of
autoimmunity [7].
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Figure 1. The level of IFN-γ secreted by LNC of Mtb-immunized rats was highest during Rec phase
in LEW rats, but at Inc phase in WKY rats
The draining LNC were harvested from LEW (□) and WKY (■) rats at different time points
after Mtb injection as described in detail under Materials and Methods. These LNC were
cultured for 48 h in a 96-well plate with or without the addition of any exogenous antigen. The
supernates were then collected and analyzed for IFN-γ by ELISA. The results are shown as
pg/mL (mean ± SEM). (*, p < 0.05 and **, p ≤ 0.025, compared with cytokine secretion at Inc
phase for the same rat strain; +, p ≤ 0.05, and ++, p ≤ 0.025, compared between the two rat
strains at the corresponding phase of AA.) The results shown in Figures 1 and 2 are from 3 or
more rats at each time point in the course of AA (Inc = incubation phase; Ons = onset phase;
Pk = peak phase; and Rec = recovery phase).
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Figure 2. The secretion of IL-10 by LNC of Mtb-primed LEW and WKY rats is inhibited after in
vitro restimulation with Bhsp65
LNC from LEW (○) and WKY (●) rats were harvested at different time points after Mtb
injection, and then cultured with Ag as described in the legend to Fig. 1. The supernates were
collected and analyzed for IL-10 by ELISA. The results are presented as pg/mL (mean ± SEM).
(*, p < 0.05 and **, p ≤ 0.025, compared with cytokine secretion at Inc phase for the same rat
strain; +, p ≤ 0.05, and ++, p ≤ 0.025, compared between the two rat strains at the corresponding
phase of AA.)
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Figure 3. LEW and WKY rats raise comparable levels of response to Bhsp65 following Mtb
challenge
The draining LNC were harvested from LEW and WKY rats (n= 4+) at time points
corresponding to the incubation (Inc) and onset (Ons) phases of AA after Mtb injection as
described under ‘Materials and Methods’. These LNC were tested in a proliferation assay using
the native Bhsp65 and its pathogenic epitope B177. HEL was used as the control antigen. The
results are presented as cpm (mean ± SEM). The cpm values for the positive control (Con A)
were as follows: LEW rats, Inc = 258,306 ± 6,046, Ons = 238,004 ± 9,036; and WKY rats, Inc
= 218,598 ± 6,547, Ons = 248,075 ± 7,536.
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Figure 4. Both the pretreatment with Rhsp65 peptide 465-479 (R465) and the adoptive transfer of
R465-primed LNC into naïve LEW rats downmodulates the severity of AA
A cohorteach of LEW rats (experimental group) was immunized with R465, HEL, or HEL
peptide 65-78 (HEL65), each emulsified in IFA. After 2 wk, some of these rats (A; n= 8 for
each group) were injected with Mtb and then followed regularly and graded for signs of AA,
whereas others (B; n= 3 for each group) were euthanized and their draining LNC were harvested
and cultured with Con A (2.5 μg/mL) for 48 h for adoptive transfer. For the latter, 1x108 cells
from R465- or HEL65-immunized rats were washed thoroughly and injected i.v. into the tail
vein of naïve LEW recipients, followed by Mtb injection s.c. (*, p < 0.05 and **, p ≤ 0.025,
when scores of the R465 group were compared with those of the HEL/HEL65 group. The
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difference in arthritic scores of the two respective rat groups was also significant (p < 0.05) by
Wilcoxon rank sum test.)
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Figure 5. (A) R465-primed LNC revealed a predominantly Th1 cytokine profile
LEW rats were immunized with R465 in IFA. After 2 wk, their draining LNC were harvested
and cultured either with R465 or with control Ag (HEL) for 24 h for cytokine testing by RPA.
LNC cultured in medium alone (Medium) served as baseline controls. Total RNA was purified
from LNC and further tested as described under Materials and Methods. The results of RPA
were presented as ‘Normalized Total Pixel’ after cytokine densitometric readings were
normalized with a housekeeping gene, L32. (B) RPA results validated by ELISA for
cytokines. LEW rats were immunized with R465/IFA and their LNC were cultured as
described in section ‘A’. After antigenic restimulation with R465 or HEL65, the culture
supernates were tested in ELISA for cytokines. The results were expressed as pg/ml. (C, D)
Pre-treatment of naïve LEW rats with R465 enhanced Th1 cytokine expression by B177-
reactive LNC following Mtb challenge. LEW rats were immunized either with PBS/IFA
(C) or with R465/IFA (D). After 2 wk, all these rats were challenged with Mtb. Nine days
thereafter, the draining LNC were harvested and cultured with the indicated Ag for use in RPA
as described in section ‘A’. The results of RPA are shown as ‘Normalized Total Pixel’.
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Figure 6. R465 pre-treatment of LEW rats decreased IL-17 expression by B177-reactive cells
Following the immunization scheme described in section B of Figure 5, the draining LNC of
LEW rats were harvested and cultured with Ag for use in real-time PCR. The results of IL-17
expression (n = 8) were standardized against GAPDH expression and presented as ‘Relative
Gene Expression.’ *, p < 0.05, when compared with the respective PBS control.
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