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Abstract
Objective—Certain class II alleles are associated with susceptibility to develop arthritis.
However, some individuals carrying non-RA associated alleles develop arthritis is still
unexplained. An individual heterozygous for both the DQA1 and DQB1 genes, can express the
DQ molecule in cis or trans heterodimers. In a cis-heterodimer the alpha chain interacts with the
beta chain coded by the same chromosome, while in a trans-heterodimer it interacts with the beta
chain on the other chromosome. In this study we tried to find out if trans-heterodimer of 2 non-
associated alleles, DQB1*0601 and DQB1*0604, can predispose to arthritis using a humanized
mouse model of arthritis.

Methods—DQB1*0601 and *0604 occur in linkage with DQA1*0103 and *0102 respectively.
To understand the role of trans-heterodimer, we generated DQB1*0604/DQA1* 0103 transgenic
mice lacking endogenous class II molecules.

Results—The DQB1*0604/A1*0103 mice developed severe arthritis and in vitro generated
antigen-specific response. The DQB1*0604/DQA1*0103 could present type II collagen (CII)-
derived peptides that are not presented by arthritis- resistant DQB1*0601 allele, suggesting that
trans-heterodimer molecules between two DQB1 and DQA1 molecules may result in presentation
of unique antigens and susceptibility to develop arthritis. Molecular modeling of the CII peptides
showed that DQB1*0604/DQA1*0103 shares p4 pocket with arthritis-susceptible DQB1*0302
allele and further a critical role of p4 and p9 pockets is suggested with susceptibility to arthritis.

Conclusions—The present data provides a possible explanation for the parental inheritance of
non-susceptible alleles in some patients with rheumatoid arthritis and a mechanism by which they
can predispose to develop arthritis.

Rheumatoid arthritis (RA) is an autoimmune disease of unknown etiology that leads to
destruction of the joints. The presence of certain Human leukocyte antigen (HLA) class II
alleles predispose to develop arthritis. Most of the studies in various ethnic populations
show an association between RA and DRB1 alleles sharing the 3rd hypervariable region 67–
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74 with the DRB1*0401 molecule while DRB1*0402 and DR2 have been shown to be
protective. Even though there is no clear cut association with DQ alleles in RA, DQB1*0301
and DQB1*0302 that occur in linkage with DRB1*0401 have been associated with arthritis
in various populations (1,2) while DQB1*0601 in linkage with DR2 is protective (3). In
humans it is difficult to interpret the association as there is a strong linkage between DR and
DQ loci. In arthritis, heterozygous genotype such as DRB1*01-DQB1*05/DRB1*04-
DQB1*03 have higher relative risk of disease compared to DRB1*04-DQB1*03
homozygous genotypes indicating an epistatic or synergistic effect. This suggests that the
relative risk of HLA genotypes is not the additive effect of the single haplotype relative
risks. Similarly in diabetes, DRB1*03-DQB1*02/DRB1*04-DQB1*03 shows a higher risk
than individual homozygous genotype (4). The human HLA-DQ molecule constitutes of two
polymorphic chains, DQα and DQβ. An individual heterozygous for both the DQA1 (α) and
DQB1 (β) genes, can express DQ molecule in cis or trans heterodimers. In a cis heterodimer
α chain interacts with the β chain coded by the same chromosome, while in a trans
heterodimer it interacts with the β chain on the other chromosome (5). Epistatic effect of
highly susceptible trans-coded DQ heterodimers has been hypothesized for predisposition to
type 1 diabetes and celiac disease (6,7). Genetic predisposition to RA is mainly focused on
the presence or absence of shared epitope in humans, although animal models using HLA-
DQ transgenic mice have brought into focus the role of DQ alleles in arthritis (8–11).

Collagen induced arthritis (CIA) is an experimental model of autoimmune inflammatory
polyarthritis sharing clinical and pathological features to RA (11,12). Our previous studies
have reported that Aβo transgenic mice expressing HLA-DQA1*0301/DQB1*0302 (DQ8)
are highly susceptible to CIA (9–11) and can present multiple human type II collagen (CII)
derived peptides (13). On the other hand, DQA1*0103\DQB1*0601 (DQ6) mice are
resistant to develop arthritis (8). It has been hypothesized that both alpha and beta chain
influence peptide binding. DQB1*0604 occurs in linkage with DQA1*0102. To determine
the role of trans-heterodimer DQ molecules in arthritis, we generated transgenic mice
expressing DQB1*0604/DQA1*0103 molecules. Our observations show that DQB1*0604/
DQA1*0103 predisposes transgenic mice to develop CIA. Our studies provide a possible
explanation for the parental inheritance of non-susceptible alleles in some patients and
mechanism by which they can predispose to develop arthritis.

MATERIAL AND METHODS
Mice

Transgenic mice expressing functional HLA-DQ8 (DQA1*0301/DQB1*0302) and DQ6
(DQB1*0601/DQA1*0103) molecules were generated as described before (8,9). Cosmids
pPKQ5121 and pAKQ 4116 containing DQA1*0103 and DQB1*0604 gene respectively
were a kind gift of Dr. H. Inoko. A 40-kb construct containing DQB1*0604, was
microinjected into FVB (F1) embryos, producing DQ6.4β transgenic mice, and a construct
containing the DQA1*0103 gene was microinjected into (B6/J X B10.M)F2 embryos,
resulting in B10.M-DQ6α transgenic mice. These mice were bred on FVB background. Each
strain was then bred onto a mouse class II–deficient (Aβo) background. The DQ6a (Aβo)
and DQ6.4β (Aβo) mice were then mated to obtain a DQ*0604 αβ strain (DQ6.4). The Aβo
mice express H2-Aα and H2-Eβ in the cytoplasm, but these chains do not contribute to the
expression of functional heterodimers on the cell surface (14). For convenience
DQB1*0604/DQA1*0103 mice are referred to as DQ6.4 and DQB1*0601/DQA1*0103 as
DQ6.1 in the entire manuscript.

For all the groups, parental mice and negative littermates were included as controls. Mice of
both sexes (8–12 weeks of age) used in this study were bred and maintained in the pathogen
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free Immunogenetics Mouse Colony of Mayo Clinic. All experimental procedures were
done with the approval of the Institutional Animal Use and Care Committee.

Induction and evaluation of CIA
Pure native chick type II collagen (CII) was obtained by multiple step purification described
previously (15). Eight to twelve weeks old transgenic mice along with negative littermates
were immunized with 100 μg chick CII emulsified 1:1 with complete Freund’s adjuvant
H37Ra (Difco Laboratories, Detroit, MI) as previously described (10). The onset and
progression of CIA was monitored from 3–12 weeks postimmunization. The arthritic
severity of mice was evaluated as described previously with a grading system for each paw
of 0–3 (12). The mean arthritic score was determined using arthritic animals only.

Anti collagen antibodies
Mice were bled on day 35 postimmunization and the level of anti-mouse CII, and anti chick
CII in serum were determined using a standard ELISA technique as described previously
(16). Serial dilutions of a known high titer anti-CII IgG-positive serum were run as control.
Anti-CII IgG levels for samples were calculated from the OD of the high titer standard sera,
arbitrarily determined to equal 100Ab units (AU/ml).

Flow cytometry
Expression of HLA -DQ, H2A, CD3, CD4, CD8, and T-cell receptor Vβ chains molecules
on peripheral blood lymphocytes (PBLs) was analyzed by flow cytometry using FACS IV
(Beckton Dickinson) as described earlier (10). Antibodies used for staining were L227 (anti-
DQB1*0601), IVD12 (anti DQB1), HB163 (anti-H2-Ab), GK1.5 (anti-CD4), 53.6.8 (anti
CD8), MR9-4( anti-Vβ5.1), MR9-8 (anti-Vβ5.1.2), 44-22-1(anti-Vβ6), F23.1 (anti-
Vβ8.1.2.3), KJ-16 (anti-Vβ8.1.2), F23.2 (anti-Vβ8.2), KT11 (anti-Vβ11).

In vitro T cell proliferation
Mice were immunized with 200 μg of CII or peptide emulsified 1:1 with CFA (Difco)
injected intradermally at the base of the tail. Ten days postimmunization, draining popliteal,
caudal and lumbar lymph nodes were removed and prepared for in vitro culture. LNCs
(1×106) were challenged in vitro with or without native collagen. Inhibition experiments
were done by adding mAb GK1.5 (anti-CD4), IVD12 (anti HLA-DQ), or Lyt2 (anti-CD8) to
the cells challenged in vitro with CII at 50 μg/ml. During the last 18 h the cells were pulsed
with 3H-thymidine (1μCi/well). At the end of the assay, the cells were harvested using a
plate harvester and incorporated radioactivity was determined using an automated counter
(Micrebeta, Perkin Elmer Wallac).

Mice were also tested for T cell response to human collagen II (HII)-derived peptides
synthesized and purified at Mayo Clinic Peptide Facility. The DQ8-specific CII-derived
peptides have been characterized (13). The mice were primed with 200 μg of peptide and
challenged in vitro with 100 μg/ml of the peptide as described previously (13).

Cloning and genomic sequence of T cell receptor (TCR) Vα11.1
DNA was isolated from the spleens of transgenic mice using a kit. PCR fragments were
generated by using oligos published previously (17,18) ). The amplified fragment was
cloned using pCR2.1 vector using TOPO TA cloning kit for subcloning (Invitrogen)
according to manufacturer’s instructions and sequenced with 377 DNA Sequencer (ABI
PRISM).
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Molecular Modeling
Models of DQ8, DQ6.1 and DQ6.4 with the various collagen peptides were prepared on a
Silicon Graphics Octane and Fuel work station using the program Insight II-version 2005
(Accelrys Inc., San Diego, CA), essentially as previously described (19,20). The crystal
structure of DQ*0602 complexed to the hypocretin 1–13 peptide was used as a base-
molecule for all the simulation studies (21), while the modeled structure of the DQ8 allele
with the collagen peptide was based on the crystal structure of the same Major
Histocompatibility Complex (MHC) II molecule with the Insulin B11-23 peptide (22). In all
cases possible, a 13-mer peptide was used, containing the core nonamer and two residues on
each of the amino- and carboxy-termini. Where the core nonamer was at the beginning or
the end of a sensitizing peptide, minimization was performed using the core nonamer
flanked by at most two Ala residues extending only to the beginning or the end of the
sensitizing peptide. The numbering scheme developed by Fremont and colleagues (23) for
mouse H2-A MHC class II molecules, and modified by Bondinas and coworkers for human
MHC II alleles (24), was used here. Essentially, it yields identical numbering in equivalent
structural positions in all MHC class II alleles.

Statistical analysis
Difference in incidence of arthritis between groups was analyzed using chi-square test with
Yates’ correction. Antibody levels and means scores for arthritic mice were compared using
Student’s t test.

RESULTS
DQB1*0604/DQA1*0103 (DQ6.4) mice develop arthritis

All RA patients do not carry RA-susceptible HLA genes, while some carry HLA genes
thought to be protective. We hypothesized that the presence of trans-heterodimer HLA
molecules may render transgenic mice susceptible to disease, similar to the known HLA
susceptible molecules. Although most associations are reported with DQB1 alleles, our
hypothesis suggests that both alpha and beta chain are required for presenting antigens and
thus contribute to development of arthritis. We tested our hypothesis by generating DQ6.4
mice; DQB1*0604 generally occurs in linkage with DQA1*0102. All transgenic mice
developed normally and expressed transgenes (Figure 1). Aβo mice have less than 2 % of
CD4+ T cells. Introduction of DQA1*0103 and DQB1*0604 transgenes rescued CD4+ T
cells to levels of FVB/N mice (data not shown). FVB/N mice have deletion of Vβ8.2 which
has been suggested as one of the reasons for resistance to develop arthritis (17). Transgenic
mice showed positive selection of Vβ8.2 T cells (8±1.4 in DQ6.4 compared to 3±2.8 in
FVB) suggesting transgenes can positively select TCR profile in thymus.

Both DQB1*0604 and *0601 have been associated with resistance from arthritis (25,26). To
determine the contribution of DQA1 chain in development of arthritis, we tested Aβo.DQ6.4
mice in CIA protocol. Immunization of DQ6.4 mice with type II collagen led to
development of severe arthritis with an incidence of 75 % (Figure 1B, 1C). On the other
hand, DQ6.1 and FVB mice were completely resistant to arthritis. All of the immunized
strains, DQ6.1, DQ6.4 and FVB, produced anti CII antibodies (Figure 1D).

DQA1*0103/DQB1*0604 mice have a deletion in Vα11.1
Studies have suggested that even though FVB/N mice are H2Aq, they are resistant to CIA
(17,18). This resistance to develop arthritis has been attributed in part to TCRα-V11.1
coding sequence polymorphism. We sequenced TCR Vα11 in DQ6.4 mice (Table 1). DQ6.4
mice showed deletion at position 68 as known for FVB/N mice suggesting this deletion may
not be a critical factor for resistance to arthritis in FVB/N mice.

Behrens et al. Page 4

Arthritis Rheum. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DQ6.4 mice present CII peptides similar to CIA susceptible DQ8 mice
Mice expressing DQ6.4 generated a CII-specific cellular immune response that was
significantly higher than the control DQ6.1, p<0.03 (Figure 1E). The response was mediated
by CD4+ T cells and restricted by DQ molecules as observed by HLA-DQ-antibody
inhibition studies (Figure 1F). All mice produced anti-CII antibodies although antibodies
were significantly higher in the susceptible mice compared to CIA resistant DQ6.1 mice. To
determine if DQ6.4 mice present CII-derived peptides similar to DQ8 mice, we carried out
in vitro T cell proliferation to various CII-derived peptides. DQ8 and DQ6.1 restricted
epitopes of CII have been characterized (13). There are few CII-derived peptides that are not
presented by CIA resistant DQ6.1 mice but are presented by CIA susceptible DQ8 mice
suggesting they might be important in pathogenesis. As shown in Figure 1G, DQ6.4 mice
generated response to the CII-derived peptides that DQ6.1 mice do not, but DQ8 mice do.

DQB1*0604 and DQB1*0302 share peptide binding pockets
As DQ6.1 gene confers protection from arthritis, we first compared differences in sequences
between DQ6.1 and DQ6.4. Both molecules differ at 12 positions in beta chains, of which 9
positions are involved in various peptide binding pockets. The DQA1*0102 chain which is
generally associated with DQB1*0604 differs from the DQA1*0103 chain at 5 positions
(Table 2). To understand the molecular basis of arthritis and T cell response to CII-derived
peptides in DQ6.4 mice, we compared the peptide binding pockets among CIA susceptible
DQ8 and DQ6.4 and CIA resistant DQ6.1. As shown in Table 2, DQ6.4 and DQ8 molecules
share P9 pocket except for two semi-conservative differences at α73 (Met vs. Val) and β57
(Val vs. Ala). On the other hand, p9 pocket of DQ6.1 has two acidic residues (β37Asp and
β57Asp) and differs substantially from both its counterparts in DQ6.4 and DQ8. P1 pocket
shows the maximum difference among these three alleles, yet all of them share a preference
for aliphatic residues and Phe, while DQ8 also shows a distinct preference for acidic
residues (22,27–33) (Table 3). We modeled the binding of those CII peptides to the
respective HLA-DQ alleles that generated a T cell response according to the published
predicted peptide binding pockets (Tables 3 and 4). T cell responses corresponded with the
peptide binding even though all proposed epitopes have at least one weak anchor. This is to
be expected, as they are obtained after active immunization, a process that boosts weak
epitope antigenicity.

Of the four CII epitopes tested in the DQ8 transgenic mice, 184–203 and 284–303 showed
the strongest sensitization, while appreciable responses were observed with the 44–63 CII-
derived peptides, but hardly any response is seen with the 254–273 CII peptide (Figure 1G).
It was possible to identify a single unique register in the cases of the three sensitized
peptides, while no obvious epitope that could even remotely fulfill the DQ8 motif could be
identified in the non-sensitized peptide (Table 4). It should be stressed however, that all
three sensitized epitopes have at least one weak anchor residue: the epitope in the 44–63
peptide has weak p4E, p6G and p9G anchors, the 184–203 epitope has a weak p4Q anchor,
while the 284–303 epitope has a very weak p4K anchor (Table 4, AFigure 2A). Likewise, in
the DQ6.1 mice only the 44–63 and 184–203 CII epitopes exhibit one binding register each,
albeit with weak p1G and p7G anchors in the former, and weak p6G and medium p9G in the
latter (Table 4, Figure 2B). The remaining two epitopes lack any register in which they
could bind to the DQ6.1 molecule (Table 4). Lastly, in the DQ6.4 mice there is sensitization
to the peptide epitopes 44–63, 184–203, and 284–303, but none to the 254–273 peptide
(Figure 1G, 2C). In this case as well, the p1G, p4G and p7G anchors in the first peptide are
very weak, while in the second peptide the p4R anchor is extremely weak. No register is
evident in the 254–273 peptide, as there is no apparent nonamer fulfilling the motif. Quite
surprisingly, no register is evident in the 284–303 peptide as well for the DQA1*0103/
DQB1*0604 molecule, even though there is sensitization of CII-immunized spleen cells to
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this peptide. A number of candidate core nonamers appear in this peptide with several
extremely weak anchors (e.g. AGEEGKRGA, EGKRGARGE, GEPGGVGPI, putative
anchors in bold). Yet molecular simulation of the respective structures does not yield any
clear-cut favored peptide, so we do not consider it proper to propose any such peptide as the
most likely one.

As seen in Table 4, even in the cases of CII peptides 44–63 and 184–203, where all three
transgenes show a T cell response upon immunization, the individual binding registers of the
nonamer core are quite different, depending on the DQ allele. This is to be expected, as the
affinity of a peptide for an HLA-DQ allele is the sum total of the individual affinities of the
specific anchor residues for each individual pocket. More so, as in HLA-DQ alleles there
does not seem to be any single affinity-determinant pocket, as pocket 1 is for HLA-DR
alleles (33,34).

DISCUSSION
Among all the genetic factors studied to date, genes encoded by MHC class II loci have
shown the strongest association with RA. While DR4/DQ3 haplotype is associated with
susceptibility to arthritis, DR2/DQ6 is associated with resistance (3,26). Although
development of arthritis is associated with shared epitope (SE), not all patients carry the
shared epitope haplotype. Some patients carry DR2/DQ6 that has been shown to be
associated with protection from RA in some ethnic groups (25) suggesting that protection is
incomplete. Disease in SE-negative patients has been attributed to the presence of various
non-MHC alleles and environmental factors. The resistance of FVB/NJ mouse to arthritis
induction is suggested to be due to polymorphism at codon 18 and genomic deletion in
coding sequences TCR Vα11.1(18). DBA/1 mice have Vα11.1d that carries Asp at position
18 while FVB/N mice have Vα11.1c or Vα11.2c that carries serine or glycine at that
position. DQ6.4 mice showed Vα11 characteristic of FVB/N mice suggesting this region
may not determine susceptibility to CIA in this model.

There are no studies on the possible role of trans-heterodimers of RA-resistant alleles in
predisposition to RA. We show here that trans-heterodimer, DQB1*0604/DQA1*0103,
between 2 resistant DQ6 alleles can predispose to CIA. The molecular basis of disease
development and antigen presentation by DQ6.4 can be explained by the peptide binding
characteristics of the P4, P6 and P9 pockets. Both *0604 and *0302 molecules share
similarities, albeit with some distinct differences, in these pockets as shown in Tables 2 and
Table 3. In the P9 pocket, β57 is Val in DQ6.4 and Ala in DQ8 compared to Asp in DQ6.1,
an allele associated with resistance to arthritis. As suggested before, β57 Asp forms a salt
bridge with α76 Arg but the potential to form this salt bridge is absent in DQ6.4 and DQ8
molecules. As this is a critical region promoting inter-chain contacts between α-, β-chains
and the peptide backbone, the residues occupying pocket 9 in case of β57 non-Asp residues,
must promote such contacts, either via salt bridges, as in the case of p9Asp—α76Arg in the
complex of DQ8—InsB13-21 or van der Waals contacts as in the case of p9Trp, in the
complex of MHC I αchain peptide with DQ2 (32). DQ6.4 and DQ8 differ at residues 55–57
of the beta chain (P-P-A versus R-P-V). However, β57Val in DQ6.4 shapes a far different
set of preferences for pocket 9 of DQ6.4, than β57Ala does for DQ8 (35). Pocket 9 also
sharesβ9 r residue in DQB1*0604 and *0302, Tyr, compared to Leu in DQ6.1 thus leading
to a bigger and more hydrophobic area at the bottom of this pocket in the latter allele. DQ6.1
has an overall negative electrostatic surface potential in the P9 pocket thus favoring binding
of basic and polar amino acids while DQ8 favors acidic residues and DQ6.4 favors
hydrophobic amino acids but also has low affinity for acidic amino acids. The effect of
polymorphisms of both DQα- and β-chains on peptide binding is expected, as both chains
contribute residues for the binding pockets of the class II molecules. In type 1 diabetes,
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DQB1*0602 provides protection while closely related DQB1*0604 does not (35). The
protection offered by DQB1*0602 is explained by the presence of β57Asp that forms a
highly favored salt bridge toα76Arg leading to protein stability (36). Substitution of β57
alters the MHC II–peptide binding activity (37,38). However as observed in the present
results, most of the peptides bind with weak anchors yet generate an immune response.
These results are reminiscent of earlier reports with native Ac1-9 MBP peptide that binds
fleetingly to H2-Au, yet active immunization with the peptide leads to experimental
autoimmune encephalomyelitis (39,40). Besides the fact that the binding of most of these
CII peptides to the respective MHC II molecules are weak and forced by Freund’s complete
adjuvant mediated immunization, we also must consider the possibility that we may be
dealing with more than one possible registers, all of them weak ones. This was recently
shown, with not so weakly binding registers, in the case of peptides and the MHC II allele
(41). The p4 pocket of DQ8 and DQ6.4 shows similarities with the residues of β13Gly and
β26Leu, compared to Ala and Tyr, respectively, in DQ6.1 at these positions. The p4 pocket
in DQ8 and DQ6.4 is deep while DQ6.1, associated with protection, probably has a smaller
pocket that is partially filled because of the substitutions of Tyr for Leu at β26, and Ala for
Gly at β13, predisposing to small aliphatics and not large aliphatics or Phe/Tyr. DQ6.4
differs from DQ8 at pockets p6 and p1. This is similar to the difference observed in this
pocket 4 between DQ7 and DQ8, where identical residue substitutions lead to sharply
decreased volume in this pocket in the case of DQ7 (29,30). These two alleles differing in
four residues in the β1 antigen-binding domain, three of which (β13, 26, 57) are in pocket 4
and 9, show indeed distinct preferences there, but identical preferences in the other three
pockets. By contrast, DQ8 and DQ2, despite considerable allelic variation, also exhibit
remarkable overlap in peptide binding specificity (27,29–32,35,42). The present study
suggests a critical role of p4 and p9 pockets of these two DQ molecules in susceptibility to
arthritis. In addition, the presence of α22Phe in DQA1*0103 further destabilizes the DQ6.4
—peptide complex in comparison with a complex of the same peptide with DQA1*0102/
DQB1*0604 because the former complex has one hydrogen bond less between MHCII
protein and peptide. A similar situation has been observed in comparing peptide complexes
of DQA1*0501/B1*0201 with those of DQA1*0201/B1*0202 (43). Previous studies have
shown that allelic variation in DQ6 alleles in peptide binding pockets may result in
difference in protein stability that can change TCR recognition and T cell selection thus
resulting in association or non-association with type 1 diabetes (35,44,45).

Results of this study suggest that HLA alleles thought to be protective for arthritis can
render hosts susceptible if a DQA1/DQB1 trans-heterodimer is formed between the 2
protective DQ alleles. DQA1*0103/DQB1*0601 and DQA1*0102/DQ*0604 are associated
with protection from arthritis (25). In general, DQB1*0604 occurs in linkage with
DQA1*0102 while DQB1*0601 occurs in linkage with DQA1*0103. Our data suggest that
DQB1*0604 when paired with DQA1*0103 in transgenic mice can present arthritogenic
peptides of CII and lead to development of disease. Trans-heterodimers have been shown to
impair peptide binding for some although trans-encoded dimers have been suggested to be
more effective in presenting diabetogenic epitopes (6,46).

DQA1*0103 also occurs in linkage with DQB1*05 and DQB1*0603. This would imply that
an individual who is positive for the known protective HLA alleles, subtypes of DQ5 or
DQ6, may express trans-heterodimers that can predispose to arthritis. In heterozygous
individuals, products of both parental DQ haplotypes interact and have a potential to form
DQ trans-heterodimers. Formation of trans-heterodimers between DQA1 and DQB1 has
been shown although the stability of trans-heterodimers varies depending on the haplotype
(47). DQ1 trans-heterodimers are more stable than between DQA1*01 and beta chains of
DQ2 and DQ3 which has been shown to be due to the steric incompatibility resulting from
structural differences (21). Our results are reminiscent of studies in diabetes and celiac
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disease where trans-heterodimers are associated with susceptibility to develop disease
Recent studies using DQA1*0103/DQB1*0302 trans-heterodimer expressing transgenic
mice have shown that they develop relapsing polychondritis while DQA1*0301/
DQB1*0302 mice do not (48). Together with the available data, this study suggests that
non-RA—associated HLA alleles present in some patients may predispose to disease by the
generation of trans-heterodimers.
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Figure 1.
DQ6.4 mice are susceptible to develop collagen-induced arthritis. A) Expression of DQ in
transgenic DQ6.1 and DQ6.4 mice. Both DQ6.1 and DQ6.4 mice showed positive staining
with conjugated antibodies IVD12 (anti-DQ) and L227 (anti-DQ6) antibodies while Aβo
mice were negative. N=4 B) Incidence and C) severity of arthritis in transgenic and control
FVB mice (10–12 mice in each group). D) Anti-collagen antibodies in mice immunized with
type II collagen, measured by ELISA. E) DQ6.4 mice generate a more robust in vitro T cell
response to CII compared to DQ6.1 mice (3–4 mice in each group). In vitro T cell response
was measured in LNCs isolated from CII-primed mice. F) The CII-specific response was
CD4-mediated and DQ-restricted as tested by inhibition studies using anti-DQ (IVD12) and
anti-CD4 (GK1.5) antibodies. G) In vitro recall response to CII-derived peptides in
transgenic mice primed with individual peptides.
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Figure 2.
Molecular simulation complexes of CII peptides with respective human MHC II alleles. A)
TCR view of the chick CII peptide 286–298 (GEEGKRGARGEPG, anchors in bold, core
nonamer underlined) in the groove of HLA-DQ8, after energy minimization at pH 5.4 based
on the crystal structure of HLA-DQ8 (22). The α1β1 domain of the DQ302 molecule is
depicted in van der Waals surface representation, with the surface atomic charges color-
coded (blue, positive; grey, neutral; red, negative), and the antigenic peptide is shown in
space filling form (color code: carbon, green; oxygen, red; nitrogen, blue; hydrogen, white;
sulfur, yellow). Several DQ302 residues that have particular interactions with the antigenic
peptide or the cognate TCR are shown in stick form with transparent van der Waals
surfaces, and with the same color-code as the antigenic peptide with the exception of carbon
(orange). Figure was drawn with the aid of Web Lab Viewer version 3.5 and DS Viewer Pro
version 6.0, of Accelrys. TCR view of the chick CII peptides B) 53–63 (DDGEAGKPGKA,
anchors in bold, core nonamer underlined) in the groove of HLA-DQ6.1, and C) 187–199
(GAQGPRGEPGTPG, anchors in bold, core nonamer underlined) in the groove of HLA-
DQ6.4, after energy minimization at pH 5.4 based on the crystal structure of HLA-
DQA1*0102/B1*0602 (21) Mode of depiction, colors and conventions as in 2A.
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Table 4

Peptide binding and in vitro T cell response to CII- derived peptides

CII peptides P1–P9 Binding

1. DQ8(A1*0301/B1*0302)

 44–63 PPGPPGKPGDDGEAGKPGKA + weak, p9G weak

 184–203 GPEGAQGPRGEPGTPGSPGP + weak, p4Q poor

 254–273 TGGKPGIAGFKGEQGPKGEP − no register fits

 284–303 PAGEEGKRGARGEPGGVGPI + weak, p4R poor

2. DQ6.1 (A1*103/B1*601)

 44–63 PPGPPGKPGDDGEAGKPGKA + gly anchors weak

 184–203 GPEGAQGPRGEPGTPGSPGP + “ ““

 254–273 TGGKPGIAGFKGEQGPKGEP − no register fits

 284–303 PAGEEGKRGARGEPGGVGPI − no register fits

3. DQ6.4 (A1*103/B1*604)

 44–63 PPGPPGKPGDDGEAGKPGKA + weak

 184–203 GPEGAQGPRGEPGTPGSPGP + weak

 254–273 TGGKPGIAGFKGEQGPKGEP − none fits

 284–303 PAGEEGKRGARGEPGGVGPI + no single clear register

Bold letters indicate peptide binding anchor positions P1–P9.
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