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Abstract
In humans, HLA-DR alleles sharing amino acids at the third hypervariable region with
DRB1*0401(shared epitope) are associated with a predisposition to rheumatoid arthritis, whereas
DRB1*0402 is not associated with such a predisposition. Both DRB1*0402 and DRB1*0401
occur in linkage with DQ8 (DQB1*0302). We have previously shown that transgenic (Tg) mice
expressing HLA-DRB1*0401 develop collagen-induced arthritis. To delineate the role of “shared
epitope” and gene complementation between DR and DQ in arthritis, we generated DRB1*0402,
DRB1*0401.DQ8, and DRB1*0402.DQ8 Tg mice lacking endogenous class II molecules, AEo.
DRB1*0402 mice are resistant to develop arthritis. In double-Tg mice, the DRB1*0401 gene
contributes to the development of collagen-induced arthritis, whereas DRB1*0402 prevents the
disease. Humoral response to type II collagen is not defective in resistant mice, although cellular
response to type II collagen is lower in *0402 mice compared with *0401 mice. *0402 mice have
lower numbers of T cells in thymus compared with *0401 mice, suggesting that the protective
effect could be due to deletion of autoreactive T cells. Additionally, DRB1*0402 mice have a
higher number of regulatory T cells and show increased activation-induced cell death, which
might contribute toward protection. In DRB1*0401.DQ8 mice, activated CD4+ T cells express
class II genes and can present DR4- and DQ8-restricted peptides in vitro, suggesting a role of class
II+ CD4 T cells locally in the joints. The data suggest that polymorphism in DRB1 genes
determines predisposition to develop arthritis by shaping the T cell repertoire in thymus and
activating autoreactive or regulatory T cells.

Rheumatoid arthritis (RA)3 is a chronic autoimmune disease that affects ~1% of the
population in the United States. Predisposition to RA has been associated with an expression
of certain HLA class II haplotypes (1, 2). Association of HLA-DR4 with susceptibility to
RA has been studied extensively ever since the initial observations made by Stastny in 1978
(3–5). Genetic susceptibility to RA in most populations has been explained by the presence
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of an amino acid motif known as “shared epitope” (6, 7). According to this hypothesis,
amino acid positions 67–74 of DRB1 molecules is shared among all the alleles responsible
for susceptibility either by selection of T cell repertoire or by being able to present similar
Ags leading to development of arthritis. On the other hand, motif I/D/E/A (DRB1*0402) at
positions 67, 70, 71, and 74 was found to be associated with nonsusceptibility to RA.
Although the mechanisms by which these alleles predispose to RA are not known, positive
selection of potentially autoreactive T cells by susceptible class II alleles or, conversely,
negative selection of autoreactive T cells by nonsusceptible alleles may be playing a role (8,
9). Naturally processed peptides presented by class II molecules can be derived from
endogenous class II molecules (10, 11). Thus, peptides from DRB1 alleles may be presented
by HLA-DQ molecules in thymus, and polymorphism in DRB1 genes can lead to shaping of
the T cell repertoire (12). However, it is difficult to experimentally assess the role of the
shared epitope in humans.

We have previously shown that both the DQ and DR alleles might be involved in
susceptibility or protection from disease (13). Binding studies have shown that RA-
associated DR alleles bind limited numbers of human type II collagen (CII) peptides
compared with HLA-DQ8 (DQB1*0302), which binds multiple peptides (14, 15). HLA-DQ
occurs in linkage disequilibrium with DR genes and thus is inherited en bloc as a haplotype
(16). HLA-DQ8 is found in linkage with DRB1*0401 and has been shown to occur with
increased frequency in RA patients of some ethnic groups (17, 18).

Rheumatoid arthritis is a chronic inflammatory disease that is characterized by synovial
inflammation and erosion of bone and cartilage that leads to destruction of joints.
Autoreactivity to type II collagen has been shown to be involved in the pathogenesis of RA
(19, 20). Patients with arthritis produce autoantibodies like rheumatoid factor (RF) and Abs
to cyclic citrullinated peptides (21). Our initial studies with mice lacking endogenous class
II molecules (Aβo) and expressing HLA-DQ8 (HLA-DQA1*0301/DQB1*0302) showed that
they were highly susceptible to collagen-induced arthritis (CIA) (22). The DQ8-restricted
development of arthritis could be modulated by the presence of various DR molecules
similar to those observed in humans (23). We generated DR4.AEo and DQ8.AEo mice that
lacked all four classical class II murine chains (Aα, Aβ, Eα, and Eβ) due to a deletion of the
entire class II region. CIA studies showed that DRB1*0401.AEo mice develop milder
arthritis with lower incidence than DQ8 mice (24).

In this study we investigated the role of DRB1*0402 in the susceptibility/resistance to
develop arthritis. Additionally, we sought to determine the role of DR/DQ gene
complementation in predisposition to arthritis by using double-transgenic (Tg) mice
expressing DRB1*0401.DQ8 and DRB1*0402.DQ8. We hypothesized that DRB1*0401
should complement DQ8-restricted CIA while DRB1*0402 should protect DQ8 mice from
developing arthritis. All Tg mice were studied in vivo using the CIA protocol.
DRB1*0401.DQ8 mice develop severe arthritis while DRB1*0402 mice are resistant and
DRB1*0402.DQ8 mice are protected from arthritis. Our data suggest that the DRB1 shared
epitope predisposes to develop arthritis by activation of the autoreactive T cells and protects
from arthritis by deletion of autoreactive T cells and generation of regulatory T cells.

Materials and Methods
Tg mice

The generation of DRB1*0401and DRB1*0402 Tg mice has been described previously (25).
Aβo.DRB1*0401 and Aβo.DRB1*0402 mice were mated with MHC-IIΔ/Δ (AEo) mice (26)
to generate AEo.DRB1*0401 (24) and AEo.DRB1*0402 mice. Similarly, AEo.DQ8 mice
were generated. AEo-.DRB1*0401 and AEo.DRB1*0402 mice were mated with AEo.DQ8
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mice to generate double-Tg AEo.DRB1*0401.DQ8 and AEo.DRB1*0402.DQ8 mice. Mice
of both sexes (8–12 wk of age) used in this study were bred and maintained in the pathogen-
free Immunogenetics Mouse Colony at the Mayo Clinic (Rochester, MN) in accordance with
the Animal Use and Care Committee. All the experiments included littermate controls and
were conducted with the approval of the Institutional Animal Care and Use Committee.

For convenience, DRB1*0402 mice are referred to as *0402, DRB1*0401 Tg mice as
*0401, and double-Tg mice expressing both DR4 and DQ8 molecules as *0401.DQ8 and
*0402.DQ8.

Antibodies
The expression of DR, DQ, and TCR Vβ-chains were analyzed by flow cytometry using
mAbs: L227 (anti-DR), IVD12 (anti-DQ), 14-4-4s (anti-Eα), B20.6 (anti-Vβ2), KT4-10
(anti-Vβ4), MR9-4 (anti-Vβ5.1.2), MR9-8 (anti-Vβ5.1), 44-22-1 (anti-Vβ6), TR310 (anti-
Vβ7), KJ-16 (anti-Vβ8.1.2), F23.2 (anti-Vβ8.2), MR10-2 (anti-Vβ9), KT11 (anti-Vβ11),
14.2 (anti-Vβ14), and KJ23a (anti-Vβ17) as previously described (24). Conjugated specific
anti-CD3, CD4, CD8, CD25, B220, CD11c, CD11b, DR, and DQ (BD Pharmingen) were
also utilized. Expression analysis experiments utilized anti-DR conjugated with PE and DQ
with FITC. All cell-surface markers were analyzed with cells pooled from 2 mice/strain and
repeated two to three times.

Intracellular staining for FoxP3 was performed using Abs obtained from eBioscience as per
the manufacturer’s instructions. PE-conjugated rat IgG2a (BD Pharmingen) was used as the
isotype control for FoxP3 staining.

Induction and evaluation of CIA
Pure native chick type II collagen was obtained by multiple-step purification as described
elsewhere (27). Tg mice and negative littermates were immunized with chick CII as
previously described for CIA protocol (24). Mice were monitored for the onset and
progression of CIA from 3 to 12 wk postimmunization. The arthritic severity of mice was
evaluated as described previously with a grading system for each paw from 0 to 3 (28). The
mean arthritic score was determined using arthritic animals only.

Histopathology
Mice were sacrificed after 10–12 wk of immunization and paws were decalcified and fixed.
Sections were stained with H&E and examined for infiltration and erosions.

Autoantibodies
Levels of anti-chick and anti-mouse CII IgG Abs were measured in sera obtained 35 days
following CII immunization by a standard ELISA and are shown as OD. Briefly, microtiter
plates were coated overnight with CII (6 µg/well in KPO4 (pH 7.6)) at 4°C, washed, and
blocked with 1% BSA in PBS/0.05% Tween 20. Sera were added in 4-fold dilution (1/100 to
1/65,000) and incubated overnight at 4°C. The plates were washed, and peroxidase-
conjugated goat anti-mouse IgG (Organon Teknika) was added for another overnight
incubation at 4°C. After washing, O-phenylenediamine was added and the colorimetric
change was measured at 410 nm.

Rheumatoid factor was measured by ELISA in Tg mice as previously described (24).
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T cell proliferation assay
Mice were immunized with 200 µg of CII emulsified 1:1 in CFA (Difco) intradermally at the
base of the tail and in one hind footpad. Ten days postimmunization, draining lymph nodes/
spleen were removed and cultured in vitro. Lymph node cells (LNCs, 1 × 106) were cultured
in HEPES-buffered RPMI 1640 containing 5% heat-inactivated horse serum and
streptomycin and penicillin in 96-well flat-bottom tissue culture plates. Cells were
challenged by adding 100 µl of RPMI 1640 medium (negative control), Con A (20 µg/ml,
positive control), and native collagen (50 µg/ml). To determine CD4-mediated response,
GK1.5 (anti-CD4) Ab was used for blocking. The cells were incubated for 48 h at 37°C.
During the last 18 h the cells were pulsed with [3H]thymidine and the tritium incorporation
was determined by liquid scintillation counting. Results are calculated as Δ cpm (i.e., mean
cpm of triplicate cultures containing Ag − mean cpm of medium).

HLA class II Tg mice and negative littermates were tested for T cell response to self-DR
peptide DW10 (65–79) and DW4 (65–79) and type II collagen-derived peptides spanning
amino acids 254–273 and 284–303, which were synthesized and purified at the Mayo Clinic
Peptide Facility. The mice were primed with 200 µg of peptide and challenged in vitro with
100 µg/ml of the peptide.

For presentation of CII-derived peptides 254–273 and 284–303 by CD4+ cells, cells were
sorted by FACSorter from LNCs isolated from primed mice and cultured in vitro in the
presence or absence of APCs. Up to 5 × 105 CD4+ sorted cells were used for culturing alone
with CII (50 µg/ml). The other cultures utilized 5 × 105 of irradiated spleen cells as APCs.
Cells were cultured in RPMI 1640 media as stated above and cell proliferation determined
by thymidine incorporation. A stimulation index of 2 or more was taken as a positive
response. The experiment was done twice with cells pooled from 2 to 3 mice/experiment.

Activation-induced cell death (AICD)
To study the sensitivity of the proliferating cells to CII-induced AICD, CD3+ cells were
stained with 7-aminoactinomycin D conjugated with FITC after in vitro stimulation and
analyzed by FACS.

BrdU Labeling
Mice were given BrdU (Sigma-Aldrich) in their drinking water at a concentration of 0.8 mg/
ml. BrdU was dissolved in sterile water and was changed daily. BrdU incorporated into
DNA was detected using a BrdU flow kit with an allophycocyanin-conjugated anti-BrdU Ab
(BD Biosciences) following the manufacturer’s instructions.

Cytokines
Capture ELISA was done for measuring cytokines IL-10, IL-18, and TNF-α using kits
according to the manufacturer’s instructions (BD Pharmingen). Cytokines were also
measured using the Bio-Plex protein array system with the mouse cytokine 23-plex panel as
per the manufacturer’s instructions and analyzed with Bio-Plex manager 2.0 software (Bio-
Rad Laboratories).

Real-time PCR
Levels of TGF-β and IL-23 mRNA in vitro cultures were analyzed using real-time PCR.
RNA was extracted from cells using RNAeasy columns (Qiagen), and cDNA was prepared
using RNase H-reverse transcriptase (Invitrogen). cDNA was analyzed by real-time
quantitative PCR in triplicates by using SYBR GreenER qPCR reagent system (Invitrogen).
The expression level of each gene was quantified using the threshold cycle (Ct) method
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normalized for the housekeeping gene GAPDH. The primers for genes encoding IL-23 and
GADPH were synthesized as described previously (29, 30).

Statistical analysis
The difference in the incidence of arthritis between groups was analyzed using the χ2 test.
Ab and cytokine levels, onset of arthritis, and mean scores for arthritic mice were compared
using Student’s t test.

Results
Tg mice express functional DRB1*04 and DQ8 molecules

Single Tg mice *0402 and double-Tg mice expressing *0402.DQ8 and *0401.DQ8 were
analyzed for expression of DR and DQ molecules in splenic APCs, macrophages and B
cells, and CD3+ cells (Fig. 1). All mice showed normal expression of the transgene. APCs as
well as CD3 cells expressed both DR and DQ molecules. Expression of DR and DQ in
single- and double-Tg mice showed similar DQ expression, although DR was expressed
much higher in double-Tg mice. Similar to humans who express both DQ and DR molecules
on the same cell surface, B cells from peripheral blood of DR/DQ mice express both DR and
DQ on the same cell (Fig. 1). T cell repertoire analysis suggested that transgene human class
II molecules could select various Vβ T cells, as both the double-Tg mice showed partial
deletion of Vβ5 and Vβ11 compared with DQ8 mice.

*0402 protects mice from developing arthritis by deleting cells in thymus
Only 19% (8 of 43) of *0402 mice developed CIA compared with 40% reported in *0401
mice (Fig. 2A), suggesting that *0402 provides significant protection from developing
arthritis (p < 0.05). Onset of arthritis in *0402 mice was delayed when compared with *0401
mice (p < 0.008), although severity between the two strains did not differ significantly as
studied by phenotype (Table I). MHC molecules are involved in positive and negative
selection of T cells including selection of autoreactive T cells (31). One way of providing
protection against disease could be by deleting autoreactive T cells in thymus. To determine
whether selection of cells in thymus is different between the two strains, we compared the
total number of thymic CD3 cells and its subsets of single-positive CD4 and CD8 cells and
double-positive CD4+CD8+ cells in naive animals. *0402 mice have lower numbers of
single-positive CD4 and CD8 cells as well as double-positive CD4+CD8+ cells compared
with those found in *0401 mice, suggesting increased thymic deletion of T cells (Fig. 3A).
This difference was also reflected in splenic CD4 and CD8 populations (data not shown).
Since CD4+ T cells expressing Vβ6 and Vβ8 have been implicated in the pathogenesis of
arthritis (32), we explored if CD4 T cells of *0401 mice carry these TCRs more often
compared with resistant *0402 mice. In thymus and spleen, the difference was significant
for Vβ6 and Vβ8 CD4+ T cells, with *0402 mice having a significantly lower percentage of
Vβ8 (p < 0.04) but higher levels of Vβ6 CD4 T cells than do *0401 mice ( p < 0.01) (Fig.
3B). In *0402 mice, CD4 T regulatory cells had a higher percentage of Vβ6 cells compared
with *0401 mice (p < 0.05) (data not shown).

CIA-resistant DRB1*0402 mice are defective in Ag-specific response
To understand if resistance to develop arthritis in *0402 mice is due to defective T cell
response to CII, we studied in vivo and in vitro Ag-specific proliferation. In vitro
proliferation of primed LNCs of *0402 mice mounted a milder response when challenged
with CII compared with *0401 mice (Fig. 3C). Since CII-derived peptide 254–273 has been
shown to bind both *0401 and *0402 molecules, we determined response to this peptide in
both strains. The difference in response to CII-derived DR4-restricted immunodominant
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peptide 254–273 was much more marked, with *0401 cells mounting a robust immune
response compared with cells isolated from *0402 mice (p < 0.001) (Fig. 3C). In response to
peptide 254–273, *0402 mice produced higher levels of IL-10 and TGF-β and lower levels
of TNF-α and IL-23 as compared with *0401 mice ( p < 0.05) (Fig. 3, D and E). We further
confirmed this defect in Ag-specific proliferation in vivo by measuring BrdU incorporation.
Mice were injected with CII and given BrDU. As depicted in Fig. 3, *0402 mice showed a
lower proliferation to CII compared with *0401 mice (p < 0.05) (Fig. 3F). To ensure that the
low T cell response to CII in DRB1*0402 mice was not due to a generalized defect in
cellular response, we tested response to superantigen. Non-Ag-specific response in *0402
mice was not defective, as they responded strongly to superantigen, staphylococcal
enterotoxin B, and showed expansion of the CD4+ Vβ8 population (Fig. 3G).

Since B cell activation requires T cells help, we next examined if a low cellular response to
CII is accompanied by a defective humoral response in *0402 mice. For this purpose, we
measured anti-CII Abs to immunizing CII as well as self-CII. All immunized mice made
Abs to immunizing and self-CII (Fig. 4A). Additionally, all AEo Tg mice produced
rheumatoid factor upon immunization with CII (Fig. 4B). However, the levels of
autoantibodies produced by *0402 were lower than those of *0401 mice, although the
difference was only significant for anti-CII Abs (p < 0.005).

*0402 protects while *0401 is permissive in vivo in DR/DQ Tg mice
To understand the role of RA-susceptible and -resistant haplotypes (DRB1*0401.DQ8 and
DRB1*0402.DQ8, respectively), we studied the double-Tg mice for collagen-induced
arthritis. *0401.DQ8 double-Tg mice developed CIA with increased incidence compared
with *0401 mice (Table I). Introduction of DQ8 into *0401 mice led to much more severe
disease than *0401 alone (p < 0.001). Since *0402 mice did not develop arthritis, we used
*0402.DQ8 mice to investigate if *0402 would protect DQ8 mice from developing arthritis.
The incidence of CIA in *0402.DQ8 mice was 28% compared with 70% in DQ8 single-Tg
mice (p < 0.01), confirming its protective role (Fig. 2 and Table I).

It has been suggested that self-MHC-derived peptide can modulate predisposition to certain
diseases, and CD4+ T cell responses to self-MHC Ags have been related to suppression of
various autoimmune diseases (33). We have previously shown that in DQ8 mice, peptide (aa
65–74) derived from DRB1*0402 is presented much more robustly than that of
DRB1*0401. In double-Tg mice we hypothesized that if DQ8 can present self-derived DR
peptides, DRB1*0402.DQ8 mice should not respond to DRB1*0402-derived peptide since
those cells should be deleted in thymus. All Tg mice were immunized with the DR-derived
peptides, and primed cells were challenged in vitro with self or the non-self peptide. The
splenic cells isolated from mice primed with DRB1*0402 peptide comprising aa 64–75
showed that *0401.DQ8 mice mounted T cell response to *0402 peptide while cells isolated
from *0402.DQ8 mice did not respond to the peptide derived from *0402, suggesting that
these cells were deleted in thymus (Fig. 5A).

We further explored if Ag-specific cellular and humoral response in double-Tg mice support
the in vivo observations. *0401.DQ8 mice produced higher amounts of anti-self-CII Abs
compared with *0402.DQ8 mice (p < 0.01) (Fig. 4A). Although *0402.DQ8 mice produced
lower amounts of IgM-RF and IgG-RF than did *0401.DQ8 mice, the difference was not
statistically significant (Fig. 4B). Similar to *0402 mice, *0402.DQ8 mice mounted much
weaker T cell response to CII compared with *0401.DQ8 mice (Figs. 3C and 5B). We have
previously shown that activated and sorted CD4+ T cells can present DR-restricted CII-
derived peptide 254–273 in *0401 Tg mice (24). In this study we determined if double-Tg
mice present both DR- and DQ-restricted peptides (254–273 and 284–303, respectively).
CD4+ T cells were sorted from *0401.DQ8 mice primed with 254–273 or 284–303 peptide
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and cultured alone or in the presence of APCs (Fig. 5C). Both the DR- and DQ-restricted
peptides were presented by CD4+ T cells, suggesting both DR and DQ molecules function
efficiently in double-Tg mice.

DRB1*0401.DQ8 mice produce high levels of Th17 cytokines
Since inflammatory cytokines and chemokines play an important role in development of
RA, we analyzed levels of different Th1, Th2, and Th17 cytokines and chemokines from
supernatants of cultures of LNCs of CII-primed animals stimulated with CII Ag in vitro.
Disease-susceptible *0401.DQ8 mice produced significantly higher levels of
proinflammatory cytokines IL-17, IFN-γ, IL-1, TNF-α, and IL-23 compared with resistant
*0402.DQ8 mice (Fig. 5, D and E). Besides the Th1 and Th17 cytokines, *0401.DQ8 mice
also produced higher levels of immunomodulatory cytokines IL-3, IL-5, and IL-13. The
protected *0402.DQ8 mice produced very low levels of most of the cytokines except for
TGF-β, which was higher than in *0401.DQ8 mice, and IL-12 (p40) was similar in both
double-Tg mice. Both strains produced similar levels of chemokines except G-CSF, which
was significantly higher in *0401.DQ8 mice compared with *0402.DQ8 mice, suggesting
that immune response to CII is initiated in both strains but that the Ag-specific immune
response in *0402.DQ8 mice is low, with low levels of proinflammatory cytokines making
them resistant to develop arthritis.

CIA-resistant mice harbor high levels of regulatory T cells
Studies have suggested that CD4+CD25+FoxP3 regulatory T cells produce antiinflammatory
cytokines TGF-β and suppress immune response and autoimmune disease. Since both *0402
and *0402.DQ8 mice are protected from arthritis and produce high levels of TGF-β with
lower cellular response to CII, we tested if DRB1*0402 can positively select higher numbers
of regulatory T cells in thymus compared with *0401, which would suggest that central
tolerance by MHC molecules can modulate disease. Alternatively, the cytokine milieu in the
periphery could lead to generation of regulatory T cells leading to protection from arthritis.
Splenic and thymic cells from naive and CII-primed mice were isolated and total numbers of
CD4+CD8−CD25+FoxP3+ cells were enumerated. Naive *0402 and *0402.DQ8 mice had
significantly higher number of regulatory CD4+CD25+FoxP3+ T cells compared with *0401
and *0401/DQ8 mice in spleen (p < 0.0001) (Fig. 6A). *0402.DQ8 mice had higher numbers
of regulatory cells compared with *0402 mice (p < 0.01). After immunization with CII, the
difference between the two strains was significant for regulatory cells, with *0402 mice
having higher numbers than *0401 mice (p < 0.02). In naive thymic cells,
CD4+CD25+FoxP3 T cells were consistently much higher in *0402 and *0402/DQ8 mice
compared with *0401 and *0401/DQ8 mice, although the difference was not significant
(Fig. 6B).

Resistant mice show high AICD
Since DRB1*0402 mice had higher numbers of regulatory cells, we tested if after CII
challenge, higher numbers of cells undergo AICD. Splenic cells were challenged in vitro
with CII and tested for AICD. DRB1*0402 mice showed significantly increased AICD in
CD3+ cells compared with *0401 mice (< 0.05) (Fig. 6C), suggesting increased AICD after
Ag challenge and higher number of regulatory cells may be the reason for protection from
arthritis. Similar to *0402, double-Tg *0402.DQ8 mice showed significantly higher AICD
compared with *0401.DQ8 mice after CII immunization (p < 0.05).

Discussion
The humanized mouse model for arthritis described herein shows production of
autoantibodies like RF and cyclic citrullinated peptides and carries HLA transgene
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expression on T cells, similar to that in humans, and develops arthritis predominantly in
female mice (present data, and Ref. 24). Activated T cells can present peptides that can
potentially play a role in pathogenesis as locally activated T cells in joints of patients with
rheumatoid arthritis may present peptides generating more inflammation. Thus, these HLA
class II Tg mice take us one step closer to the human disease. Our previous data with AEo

DRB1*0401 Tg mice showed that DRB1*0401 renders mice susceptible to develop CIA.
HLA-DQ8 occurs in linkage with DRB1*0401 and has been shown to occur with increased
frequency in RA patients of some ethnic groups (17, 18). Similarly, DRB1*0402 occurs in
linkage with DQ8 but does not occur in patients with significant frequency (34) suggesting
DR can modulate DQ-restricted disease. Present data show *0402 Tg mice are resistant to
develop arthritis. To determine the role of haplotype in predisposition to develop CIA, we
studied double-Tg mice expressing RA-susceptible and RA-resistant DR4/DQ8 haplotypes.
While *0401.DQ8 Tg mice are susceptible to CIA, *0402.DQ8 mice are resistant to CIA,
suggesting that *0402 protects DQ8 mice from developing arthritis. Arthritis observed in
*0401.DQ8 mice shares similarities with RA as they produce rheumatoid factor. Even
though *0402.DQ8 mice were protected from arthritis, the few mice that developed arthritis
showed a delayed onset compared with *0401.DQ8 mice, but there was no difference in
severity of arthritis as studied by clinical scoring. TNF-α and IL-1b have been suggested to
regulate disease severity in Ab-induced arthritis (35). We observed significantly higher
levels of both cytokines in CIA-susceptible mice, suggesting that regulation of disease
severity may be different in Ag-induced vs Ab-induced arthritis. Since these mice carry both
DR and DQ it is possible that presentation of various peptides of CII by DQ8 may lead to
epitope spreading, thus generating similar disease severity in both strains. Regulation of
disease severity by regulatory T cells is controversial since some studies support it while
others do not (36, 37). In the present data, *0402.DQ8 mice have higher numbers of
regulatory cells, suggesting that they may influence incidence and onset of disease but not
severity. Mice were scored for severity by phenotype and not based on histologic or
radiographic parameters. Decreased incidence of arthritis in *0402.DQ8 mice is reminiscent
of the model proposed for diabetes (38), according to which MHC molecules provide
dominant resistance to a given autoimmune disease by deleting the most pathogenic
autoreactive T cells rather than all autoreactive T cells. Thus, the reason that RA patients
carrying *0402 are rare might be explained by the fact that most of the pathogenic
autoreactive cells have been deleted in these individuals. Alternatively, increased numbers
of positively selected T cells may be regulatory cells. Our observations in naive mice show
that resistant mice have higher numbers of regulatory T cells in the periphery as well as in
thymus compared with susceptible mice. This suggests that MHC molecules are associated
with protection by positively selecting regulatory T cells in thymus and deleting autoreactive
T cells while MHC susceptible alleles select lower numbers of regulatory cells. This is in
line with previous observations that MHC molecules play a role in selecting autoreactive
cells (31). In the periphery, TGF-β can induce generation of regulatory T cells. We did
observe higher levels of TGF-β in CIA-protected *0402 mice compared with susceptible
*0401 mice. Functionally, these regulatory cells can lead to a decrease in incidence or
severity of disease in vivo. BrdU staining in vivo showed that *0402 mice produced a low T
cell response to CII, which could be due to high number of regulatory cells. Experiments for
the in vivo role of these regulatory cells are underway. Regulatory T cells have been shown
to suppress T cell proliferation and also modulate Th1/Th2 cytokines by effector T cells in
vitro, and in vivo they can inhibit organ-specific autoimmune pathology by depletion of, as
well as transfer of, regulatory cells (36, 39, 40).

The cytokine data in this study agree with the above observations. All mice produced a
strong Th1 response when challenged in vitro with CII. However, *0402 mice produced
significantly lower amounts of TNF-α and higher Th2 cytokines. This could tip the balance
toward protection in *0402 mice. Comparison between double-Tg mice showed that
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susceptible mice produced both pro- and antiinflammatory cytokines similar to those
reported in rheumatoid arthritis (41). IL-17 is a newly described inflammatory cytokine and
has been shown to play an important role in disease pathogenesis of arthritis since IL-17−/−

mice are protected from developing collagen-induced arthritis (42–45). IL-23 drives the
expansion and survival of IL-17 producing Th17 cells and promotes chronic inflammation
via IL-17 and TNF. We observed significantly increased levels of IL-17, TNF-α, and IL-23
in *0401.DQ8 mice compared with *0402.DQ8 mice. Additionally, there was a small
increase of IFN-γ in susceptible mice, suggesting that while IL-17/IL-23 are important for
pathogenesis of arthritis, IFN-γ may also have a role in inflammation. Recent studies in RA
patients positive for the DRB1*0401.DQ8 haplotype have shown an increased production of
IFN-γ in response to in vitro challenge with type II collagen (46). Th2 cytokines, such as
IL-5 and IL-13, were also significantly increased in susceptible mice. IL-13 has been shown
to contribute to DC growth from progenitors and induction of T cell-attracting chemokine
CCL18 in RA patients (47, 48). G-CSF and IL-3, significantly increased in *0401.DQ8
mice, have been shown to regulate proliferation and survival of neutrophils (49). Elevated
levels of G-CSF are found in serum and synovial fluid of RA patients (50). Neutrophils
stimulated by G-CSF release BAFF (B cell-activating factor belonging to the TNF family),
which is important for proliferation and maturation of B cells. We did observe a higher level
of autoantibodies in *0401.DQ8 mice compared with CIA-resistant *0402.DQ8 mice.

In vitro, both *0401 and *0401.DQ8 mice could present CII, even though double-Tg mice
mounted stronger response than single-Tg mice, which could be due to the fact that DQ8 can
present multiple epitopes from CII (15) while DRB1*0401 can present only one
immunodominant epitope (51). Binding studies have demonstrated that RA-associated
HLA-DR alleles bind fewer human CII peptides compared with HLA-DQ8 allele (14),
suggesting that HLA-DQ molecules may be a major factor in conferring susceptibility to
develop arthritis. In CIA-susceptible mice, pathogenic response has been mapped to the
CB11 region of CII, with aa 260–270 being the immunodominant region (52). Interestingly,
both Tg strains, *0402 and *0401, mount response to peptide 254–270 of human type II
collagen although a significantly lower response was observed in *0402 mice. Both *0401
and *0402 have been shown to be able to bind this peptide, albeit with different anchors in
P1 pocket (53). Double Tg mice can respond to both DR- and DQ-restricted peptides. Thus,
presentation of this peptide in double-Tg mice might lead to an increase in proliferation.
Moreover, activated CD4+ cells can present both DR- and DQ-restricted peptides. This
might explain increased incidence of arthritis in *0401.DQ8 mice compared with single Tgs.

The AEo DR and DQ Tg mice develop normally and have no gross phenotypic
abnormalities. MHC molecules have been shown to be important in positive and negative
selection of various Vβ T cell repertoires in thymus (8, 9) that might affect the clinical
outcome of the disease (25). Our data show that DR4 can positively and negatively select
the TCR Vβ profile, thus suggesting that it can present peptides in thymus. In double-Tg
mice, DRB1*0401 was able to negatively select TCR Vβ that are known to be positively
selected by DQ8. DR-derived self-peptides could be presented by DQ molecules in thymus
that could lead to positive and negative selection of various TCRs. This is supported by the
present data showing that *0402 peptide is presented by DQ8 in *0401.DQ8 mice, but not
by *0402.DQ8 mice. Since *0402 peptide is a self-peptide, it is presented in thymus,
resulting in negative selection of self-reactive cells.

The resistant mice were not defective in humoral immune response as they produced anti-
CII Abs, although *0402 mice produced much lower levels of Abs than did other strains.
Ag-specific response to CII was significantly lower in resistant mice compared with
susceptible strains; *0402 mice responded strongly to superantigens, suggesting that *0402
individuals may be able to respond to bacterial Ags much stronger than do *0401 mice.
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Indeed, HLA polymorphism is known to influence response to bacterial superantigens (54).
*0402.DQ8 mice mount a higher proliferative and cytokine responses to a mixture of
streptococcal superantigens compared with DQ6 mice. Recently, DRB1*04 has been
associated with resistance to develop leprosy (55).

The Tg mice expressing *0401 and DQ8 molecules simulate human haplotype and are a
good model to study the mechanism of pathogenesis of RA. HLA in Tg mice is expressed
similar to humans. As shown in the present study, one APC can express both DR and DQ,
and the expression of DR is higher than DQ molecules. The *0402.DQ8 haplotype is known
to be resistant to arthritis in humans and mice. Studies in CIA-resistant *0402 mice can
provide the answers to how individuals carrying this haplotype are protected from arthritis.
This study shows that the protection from arthritis in *0402 mice could be due to 1) negative
selection of autoreactive cells in thymus, 2) positive selection of regulatory T cells in
thymus, 3) generation of higher numbers of regulatory cells in periphery that can lead to
lower proliferation and low proinflammatory cytokines, and 4) increased AICD. All of the
factors together may be important for resistance to the development of disease.
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FIGURE 1.
Characterization of AEo.DRB1*0401.DQ8 Tg mice. A, Selection of CD4 and CD8
population in AEo.DRB1*0401.DQ8 and controls, B10 and AEo.DQ8 mice, shows that both
CD4 and CD8 cells are positively selected. B, Expression of DR and DQ molecules by
splenic CD4 and CD8 cells (gated on CD3+ cells), CD3 and APCs, and B cells and
macrophages (Mac) in DRB1*0401.DQ8 mice; gray line indicates DQ; black line, DR; light
gray, control. C, Percentage expression of DR4 and DQ8 in cells isolated from spleen of
AEo.DRB1*0401.DQ8 mice shows more cells expressing the DR and DQ transgene
compared with single-Tg mice; gray line indicates DRB1*0401.DQ8; black line,
DRB1*0401 mice in DR (left) and DQ8 mice in DQ (right). Numbers are percentage
positive; top number indicates single-Tg mice; bottom number, DRB1*0401.DQ8 mice. D,
Expression of DQ and DR molecules on B cells isolated from peripheral blood shows that B
cells express both DQ and DR on the same cell (left) although the level of expression of DR
is much higher (right); gray line indicates DR; black line, DQ. All experiments were done
three times with cells pooled from two to three mice/experiment.
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FIGURE 2.
Incidence of collagen-induced arthritis in DRB1*0401 and DRB1*0402 mice (A), and
double-Tg mice expressing DRB1*0401.DQ8 and DRB1*0402.DQ8 (B). DRB1*0402 mice
are resistant to develop arthritis compared with *0401, *0402 vs *0401 (p < 0.05).
*0401.DQ8 mice are susceptible while *0402.DQ8 mice are protected from arthritis,
*0402.DQ8 vs *0401.DQ8 (*, p < 0.05).
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FIGURE 3.
DRB1*0402 deletes more CD3+ thymic cells than does DRB1*0401. A, Number of CD4,
CD8, and double-positive cells in thymus of Tg mice. B, Number of splenic and thymic Vβ6
and Vβ8 cells gated on CD4+ population. In vitro T cell response to (C) CII and human CII-
derived peptide 254–273 (HII-254–273) in mice primed with respective Ags show that
DRB1*0401 mice mount stronger response to both Ags when compared with DRB1*0402
mice. LNCs were used as described in Materials and Methods. D, Cytokines measured by
ELISA in supernatants of cells cultured in the presence of CII-derived peptide 254–273.
*0401 mice produce higher levels of TNF-α and lower levels of IL-10 compared with *0402
mice. E, Expression of TGF-β and IL-23 in Tg mice was quantified by real-time PCR.
Expression of GADPH was measured as an internal control. The expression of different
cytokines in LNCs stimulated with CII relative to that in medium control was calculated by
the ΔΔCt method. Data are presented as means ± SD of at least four different mice. F, BrdU
staining of splenic CD4+ cells shows lesser proliferation to CII in *0402 than in *0401 in
vivo. G, Both DRB1*0401 and DRB1*0402 mice mount a strong in vitro response to
superantigen and staphylococcal enterotoxin B (SEB), and they expand Vβ8+ T cells. Mice
injected with saline did not show any proliferation in both strains. All experiments were
repeated two to three times with cells pooled from two mice/strain. *0401 vs *0402: *, p <
0.05; **, p < 0.01.
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FIGURE 4.
Humoral response in Tg mice primed with type II collagen. A, Abs to chick type II collagen
(CII) and self-collagen (mouse type II collagen, MsII) in sera of mice primed with chick
type II collagen. B, IgM and IgG rheumatoid factors produced by CII-primed mice. Upper
line denotes positive control, Mrl-Lpr mice, and lower line denotes negative control, CII-
primed B10 mice. Groups are: 1) DQ8 (n = 7), 2) DRB1*0402 (n = 7), 3) DRB1*0401.DQ8
(n = 10), 4) DRB1*0402.DQ8 (n = 8), and 5) AEo (n = 10). CII and MsII, *0401.DQ8 vs
*0402.DQ8 (*, p < 0.01), *0402 vs *0401.DQ8 and *0402.DQ8 (**, p < 0.005). For IgG
and IgM RF, all mice showed significantly higher levels only when compared with AEo

mice.
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FIGURE 5.
A, T cell proliferation to self-peptides spanning 65–79 of *0401 and *0402 in Tg mice.
LNCs isolated from immunized mice were challenged in vitro with the priming peptide. B,
*0402.DQ8 mice mount a low T cell response in vitro to CII compared with *0401.DQ8 and
DQ8 mice (*, p < 0.05). Response to CII in all mice is CD4-restricted. C, CD4+ T cells were
sorted from DRB1*0401.DQ8 mice primed with DR-restricted human type II collagen,
HII-254 –273, and DQ-restricted, HII-284 –303, peptides. CD4 cells were challenged in
vitro in the absence or presence of APCs. Splenic cells were used as controls. S.I. indicates
stimulation index. D, Expression of TGF-β and IL-23 double-Tg mice were quantified by
real-time PCR. Expression of GADPH was measured as an internal control. The expression
of different cytokines in LNCs stimulated with CII relative to that in medium control was
calculated by the ΔΔCt method. Data are presented as means ± SD of at least four different
mice. E, Cytokine and chemokine production in response to in vitro challenge to CII shows
higher levels of Th1, Th17, and Th2 cytokines produced by *0401.DQ8 mice compared with
*0402.DQ8 mice. Most of the chemokines were not significantly different between the two
strains. The y-axis is a logarithmic scale. *0401.DQ8 vs *0402.DQ8: *, p < 0.05; **, p <
0.005.
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FIGURE 6.
CIA-resistant mice, DRB1*0402 and DRB1*0402.DQ8, have more regulatory cells and
show increased AICD. A, FACS analysis showing regulatory cells, CD25+FoxP3+ cells
gated on CD4+ cells in *0401 and *0402 mice. Histogram shows number of regulatory cells,
CD4+CD25+FoxP3+ (mean ± SD), in single- and double-Tg mice. *0401 vs *0402, p <
0.0001; *0401.DQ8 vs *0402.DQ8, p < 0.001; and *0402 vs *0402.DQ8, p < 0.01. B,
Histogram shows number of regulatory cells, CD4+CD25+FoxP3+ (mean ± SD) in Thymus
of naive Tg mice. C, Splenic cells isolated from CII-primed mice were stained for 7-
aminoactinomycin D (7AAD) and CD3 Abs and analyzed by FACS. *0402 and *0402.DQ8
mice showed increased AICD of CD3+ cells compared with *0401 and *0401.DQ8 mice:
*0401 vs *0402 and *0401.DQ8 vs *0402.DQ8, p < 0.05.
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Table I

Incidence of collagen-induced arthritis in DRB1*0401 and *0402 single- and double-Tg mice expressing DQ8

Mice Incidence (%) Onset Severity

*0402 8/43 (19) 6.7 ± 2.5 4.5 ± 2.9

*0402/DQ8 7/25 (28) 5 ± 0.5 6.8 ± 1.6

*0401/DQ8 13/22 (59) 5.5 ± 1.6 6.4 ± 1.2

DQ8 14/20 (70) 5.8 ± 2.3 6.7 ± 2.5

*0401 14/36 (39) 5.2 ± 1.4 3.5 ± 1.2a

For *0402/DQ8 vs *0401/DQ8 and *0402 vs *0401, p < 0.05; *0402.DQ8 vs DQ8, p < 0.01; *0402 vs DQ8, p < 0.001.

a
From Ref. 24.
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