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Multiple HLA Epitopes
Contribute to Type 1 Diabetes
Susceptibility

Disease susceptibility for type 1 diabetes is strongly
associated with the inheritance of specific HLA
alleles. However, conventional allele frequency
analysis can miss HLA associations because many
alleles are rare. In addition, disparate alleles that
have similar peptide-binding sites, or shared
epitopes, can be missed. To identify the HLA shared
epitopes associated with diabetes, we analyzed
high-resolution genotyping for class I and class II
loci. The HLA epitopes most strongly associated
with susceptibility for disease were DQB1 A57, DQA1
V76, DRB1 H13, and DRB1 K71, whereas DPB1 YD9,57,
HLA-B C67, and HLA-C YY9,116 were more weakly
associated. The HLA epitopes strongly associated
with resistance were DQB1 D57, DQA1 Y80, DRB1
R13, and DRB1 A71. A dominant resistance
phenotype was observed for individuals bearing
a protective HLA epitope, even in the presence of
a susceptibility epitope. In addition, an earlier age of
disease onset correlated with significantly greater
numbers of susceptibility epitopes and fewer
resistance epitopes (P , 0.0001). The prevalence of
both DQ and DR susceptibility epitopes was higher
in patients than in control subjects and was not
exclusively a result of linkage disequilibrium,

suggesting that multiple HLA epitopes may work
together to increase the risk of developing
diabetes.
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Type 1 diabetes is a multifactorial disease with a strong
genetic component. More than 40 genetic linkages have
been associated with this disease, but linkage to HLA
class II is the most dominant (1). A number of studies
have shown that HLA-DRB1*03:01, *04:01, *04:02, and
*04:05 are most strongly linked to diabetes, whereas
DRB1*04:03 is resistant. In addition, DQB1*02:01
and *03:02 are strongly linked to diabetes, whereas
DQB1*06:02 is resistant (2–8). The fact that
DQB1*03:02 is associated with diabetes when linked to
DRB1*04:05 but resistant when linked to DRB1*04:03
suggests that both loci contribute to disease susceptibil-
ity (9). However, the strong linkage disequilibrium be-
tween many DRB1 and DQB1 alleles makes it difficult to
sort out the relative influence of each locus. In addition,
analysis of HLA susceptibility is confounded because
disparate HLA alleles may share peptide-binding motifs,
often referred to as shared epitopes. For example, alanine
in position 57 of the DQ b-chain (DQB1 A57), which is
present in DQB1*02:01, *02:02, *03:02, *03:04, and
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*03:05, has a stronger association with diabetes than any
of the individual alleles. In contrast, an aspartic acid
residue in the same position is strongly associated with
resistance (10). Conventional frequency analysis of the
HLA alleles associated with diabetes is limited because it
does not account for these HLA shared epitopes. Thus,
a systematic analysis of all possible HLA class I and class
II epitopes should provide a better understanding of
genetic susceptibility for type 1 diabetes.

HLA epitopes can be single amino acids or groups of
contiguous or noncontiguous amino acids. They are
mostly found in the highly polymorphic antigen-binding
groove of HLA class I and class II molecules. Class I
molecules (HLA-A, -B, and -C) present endogenous pep-
tides to CD8+ T cells. The peptide-binding groove has six
distinct pockets comprising various combinations of
polymorphic amino acids. Class II molecules (HLA-DR,
-DQ, and -DP) are heterodimers that present exogenous
peptides to CD4+ T cells and have four major pockets
comprising polymorphic b-chain amino acids in con-
junction with a-chain residues (11). The HLA-DR poly-
morphism is found in the b-chain because the a-chain is
effectively conserved in the peptide-binding region. In
contrast, both the a- and b-chains of HLA-DQ and -DP
are polymorphic (12). The repertoire of peptides that can
bind in the peptide-binding groove for each HLA allele is
determined by the amino acids that line the pockets.
These polymorphic amino acid residues can potentially
combine to form millions of different HLA epitopes.

We have developed the HLA Epitope Analysis Program
(HEAP) to analyze the millions of shared HLA epitopes
comprising one to four noncontiguous amino acids be-
tween patient and control populations. This program was
used previously to demonstrate that the HLA-DRB1
epitope LA67,74 is most strongly associated with suscep-
tibility for rheumatoid arthritis (13). In the present
study, we used HEAP to identify all the class I and class II
HLA epitopes associated with diabetes susceptibility or
resistance. We also analyzed the effect of multiple sus-
ceptibility HLA epitopes on the risk of disease.

RESEARCH DESIGN AND METHODS

This study used a dataset provided by the Type 1 Di-
abetes Genetics Consortium (T1DGC), made available by

the National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK) Central Repository (www.
niddkrepository.org). The T1DGC is a large, worldwide,
collaborative study with the aim of identifying genes that
determine an individual’s risk of type 1 diabetes. The
T1DGC had previously enrolled case (type 1 diabetic
patients) and control subjects (no history of type 1 di-
abetes) from populations with a low prevalence of the
disease (see www.T1DGC.org for details). High-
resolution HLA genotyping was performed at eight clas-
sical major histocompatibility complex loci by four
genotyping centers using standardized typing protocols,
reagents, and quality control procedures (14). In the
present study, we analyzed 830 type 1 diabetic patients
and 968 control subjects. The characteristics of both
groups are summarized in Table 1.

HLA data from the type 1 diabetes component of the
International Histocompatibility Working Group (IHWG)
(www.ncbi.nlm.nih.gov/projects/gv/mhc/ihwg.cgi) were
also analyzed to validate the findings from the T1DGC.
IHWG is a worldwide association of investigators who
collaborated to collect HLA genotype, microsatellite,
clinical, and demographic data for type 1 diabetic
patients and healthy individuals. Of the 2,957 subjects
provided, we censored those who did not have allele-level
HLA typing. For race-matched control subjects, we used
high-resolution HLA typing from 1,644 consecutive
subjects typed at ClinImmune Laboratories (Aurora, CO).

HLA Epitope and Allele Frequency Analysis

The HEAP was used to identify susceptibility and re-
sistance HLA epitopes by comparing the frequency of
each amino acid and all combinations of up to four amino
acids of the HLA molecule between patients and control
subjects. Only polymorphic amino acids at positions
2–192 (class I) and positions 8–93 (class II) were analyzed.
Amino acids outside these ranges were not considered
because they are unlikely to influence interactions with
either the peptide or the T-cell receptor (TCR). The
number of patients or control subjects carrying at least
one copy of an epitope was compared with the number of
individuals not carrying the epitope. The distribution of
these epitopes was calculated with 2 3 2 contingency
tables and analyzed with either Pearson x2 test or Fisher

Table 1—Descriptive characteristics of the study subjects

Type 1 diabetic patients

Age of onset (years) Control subjects

Origin Total Male Female Mean 6 SD Range Total Male Female

Asian-Pacific Islander 23 16 7 18 6 5.57 8–27 77 53 24

European 5 4 1 17 6 5.85 13–29 2 1 1

North American 802 367 435 9 6 5.44 0–40 889 246 643

Total 830 387 443 9 6 5.66 0–40 968 300 668
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exact test, as appropriate. The resulting P value for each
epitope was corrected for multiple comparisons by the
false discovery rate method described by Benjamini and
Yekutieli (15). We analyzed 2,332,039 HLA-A epitopes,
3,954,218 HLA-B epitopes, 346,175 HLA-C epitopes,
360,801 DRB1 epitopes, 67,818 DQA1 epitopes, 186,413
DQB1 epitopes, 1,075 DPA1 epitopes, and 37,782 DPB1
epitopes. A conventional allele frequency analysis was also
performed for comparison.

Criteria for Susceptibility and Resistance HLA Epitopes

HLA epitopes with a corrected P value #0.001 and an
odds ratio (OR) $1.5 (susceptibility) or #0.5 (resistance)
were defined as statistically significant. In addition, the
positions of the susceptibility and resistance epitopes
were mapped on existing crystal structures for HLA-B
(16), -C (17), -DR (18), -DQ (19), and -DP (20) to de-
termine whether they could potentially influence peptide
binding and/or interact with the TCR.

RESULTS

HLA Epitopes Associated With Susceptibility

We used a dataset of 830 type 1 diabetic patients and
968 control subjects from whom high-resolution HLA
genotyping at all eight classical HLA loci (HLA-A, -B, -C
for class I and HLA-DRB1, -DQA1, -DQB1, -DPA1, and
-DPB1 for class II) had previously been obtained (14).
This dataset was analyzed with HEAP to identify HLA
epitopes associated with type 1 diabetes. By focusing the
analysis on the polymorphic amino acid residues, we
identified 7,286,321 epitopes comprising between one
and four amino acids in the patient and control groups.
The susceptibility epitopes with the lowest P value and

highest OR for each locus are summarized in Table 2. A
conventional allele frequency analysis was also per-
formed for comparison (Supplementary Tables 1 and 2).

The previously reported HLA-DQB1 epitope A57

showed the strongest association with type 1 diabetes
(P = 1.3 3 10287, OR 12.1) and is found in five alleles
(Table 2). Three of the alleles, DQB1*02:01, *02:02, and
*03:02, were more common in patients than in control
subjects and were also identified in the allele frequency
analysis (Supplementary Table 1). However, the other
two alleles that share A57, DQB1*03:04 and *03:05, were
not statistically significant because of low frequency in
the population. HLA-DQB1 A57 is located at the end of
the peptide-binding groove and points inward where it
may interact with peptides (Fig. 1). Four DQA1 single
amino acid epitopes (S26, Q47, R56, and V76) were most
strongly associated with diabetes and had the same
P value (5.4 3 10281) and OR (7.15). These epitopes are
only found in DQA1*03:01, which was also identified in
the allele frequency analysis. On the basis of the crystal
structure of HLA-DQ, S26, Q47, and R56 were unlikely to
influence peptide-binding or to interact with the TCR.
However, DQA1 V76 points down toward the peptide-
binding region and could possibly interact with peptides
that bind (Fig. 1).

The DRB1 locus contained the next most significant
HLA epitopes associated with susceptibility for diabetes.
DRB1 H13 had the strongest association (P = 4.23 10257,
OR 5.56) and is positioned on the floor of the peptide-
binding groove, pointing upward (Fig. 1). In addition,
DRB1 K71 demonstrated a significant association with
type 1 diabetes (P = 6.03 10236, 3.59). This epitope was
chosen because the most significant resistance DRB1

Table 2—Shared HLA epitopes associated with susceptibility to type 1 diabetes

HLA locus Epitope
Patients
(n = 830)

Control
subjects
(n = 968) Pcorr value† OR (95% CI) Associated alleles

Class I
HLA-A None
HLA-B C67 260 185 1.7 3 1026 1.93 (1.55–2.40) *14:01, *14:02, *14:03, *15:10, *15:18, *15:21,

*15:37, *15:52, *27:02, *27:03, *27:04, *27:07,
*38:01, *38:02, *38:05, *39:01, *39:06, *39:09,
*39:11, *73:01

HLA-C YY9,116 180 131 4.9 3 1024 1.77 (1.38–2.27) *03:03, *03:04, *03:05, *03:06, *03:07

Class II
DRB1 H13 447 168 4.2 3 10257 5.56 (4.48–6.89) *04:01, *04:02, *04:03, *04:04, *04:05, *04:06,

*04:07, *04:08, *04:09, *04:10, *04:11,
*04:17, *04:26

DRB1 K71 462 251 6.0 3 10236 3.59 (2.94–4.37) *03:01, *03:02, *03:11, *04:01, *04:09,
*04:26, *13:03

DQA1 V76 593 251 5.4 3 10281 7.15 (5.80–8.80) *03:01
DQB1 A57 759 454 1.3 3 10287 12.1 (9.2–15.9) *02:01, *02:02, *03:02, *03:04, *03:05
DPA1 None
DPB1 YD9,57 182 122 5.4 3 1024 1.95 (1.52–2.50) *03:01, *06:01, *20:01, *29:01

†P values were corrected (Pcorr) for multiple comparisons.
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epitope A71 is found in the same position. DRB1 K71

points into the peptide-binding region of HLA-DR where
it may influence the peptide repertoire (Fig. 1). Two of
the alleles that share these DR epitopes, DRB1*04:01
and DRB1*03:01, were also identified by the allele fre-
quency analysis; the others were too rare in the dataset
(Supplementary Table 1). No increase in statistical sig-
nificance was observed for DQB1, DQA1, or DRB1 when
analyzing combinations of two or more amino acids.

Weaker associations with susceptibility for diabetes
were found in the DPB1 and HLA-B and -C loci (Table 2).
Analysis of the DPB1 locus identified a two-amino acid
epitope, YD9,57 (P = 5.4 3 1024, OR 1.95). This HLA
epitope is found in DPB1*03:01, which was also identi-
fied in the allele frequency analysis (Supplementary Table
1). DPB1 Y9 is found in the peptide-binding groove,
whereas DPB1 D57 is facing upward near the end of the
groove where it may affect TCR recognition (Fig. 1).
HLA-B C67 (P = 1.7 3 1026, 1.93) is positioned near the
middle of the peptide groove, pointing down into the
peptide-binding region. Twenty HLA-B alleles share this
epitope, but the allele frequency analysis could only
identify one allele, B*15:10 (Supplementary Table 2).
Extending the epitope analysis to include combinations
of two or more amino acids did not increase the statis-
tical significance. HLA-C YY9,116 (P = 4.9 3 1024, 1.77) is
found in five alleles, including C*03:04, which was iden-
tified in the allele frequency analysis (Supplementary
Table 2). Both HLA-C Y9 and HLA-C Y116 are found in the
peptide-binding groove, pointing upward (Fig. 1). The
HEAP analysis did not find any combinations of amino

acids that were significantly associated with diabetes in
the HLA-DPA1 or HLA-A loci.

HLA Epitopes Associated With Resistance

The most strongly resistance-associated epitope was
DQB1 D57 (P = 7.1 3 10297, OR 0.11), and it is in the
same position as the susceptibility epitope DQB1 A57.
Similarly, the HLA-DRB1 resistance epitopes R13 (P = 3.93
10234, 0.15) and A71 (P = 3.5 3 10236, 0.11) are found
at the same positions as the DRB1 susceptibility
epitopes. The associated DQ and DR alleles that share
these resistance HLA epitopes include disparate alleles
that were not identified by allele frequency analysis
(Supplementary Table 1). Unlike DRB1 and DQB1, the
resistance epitope DQA1 Y80 (P = 6.7 3 10252, 0.22) was
not found in the same position as the susceptibility
epitope (Table 3). This protective epitope points into the
peptide-binding groove and potentially restricts the
peptide repertoire that can bind (Fig. 1). DQA1*01:01,
*01:02, and *01:03 share this epitope, and these alleles
were also identified in the allele frequency analysis
(Supplementary Table 1). Extending the epitope analysis
to include combinations of two or more amino acids did
not increase the statistical significance. The HEAP anal-
ysis did not find any resistance epitopes in the class I or
the HLA-DP loci.

HLA Susceptibility and Resistance to Type 1 Diabetes
Have a Strong Gene-Dose Effect

We counted the number of type 1 diabetic patients and
control subjects who had inherited homozygous or het-
erozygous copies of the HLA-B, -C, -DRB1, -DQA1,
-DQB1, and -DPB1 epitopes and calculated the OR for

Figure 1—HLA epitope positions on crystal structures of HLA molecules. The susceptibility epitopes for each HLA molecule are shown in
yellow. In addition, the resistance epitope HLA-DQA1 Y80 is highlighted. The resistance epitopes for HLA-DRB1 and -DQB1 are found in
the same positions as the susceptibility epitopes.
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each combination (Table 4). Two copies of DQB1 A57 had
the strongest association with type 1 diabetes (P = 5.8 3
10296, OR 11.3). In contrast, homozygous inheritance of
DQB1 D57 had the greatest negative association with
disease (P = 4.7 3 10250, 0.08). Resistance appeared to
be dominant because individuals who had inherited one
copy of DQB1 D57 had a lower probability (OR # 0.5) of
diabetes (Table 4). Even when the susceptibility epitope
DQB1 A57 was inherited with the resistance-associated
epitope, the probability of disease was still low (P = 3.83
1025, 0.62). A similar gene–dose effect was observed
with DRB1. Homozygous inheritance of DRB1 K71 was
strongly associated with type 1 diabetes (P = 3.6 3 10214,
4.88), whereas two copies of DRB1 A71 were protective
(P = 2.8 3 1026, 0.05). The dominant effect of the
resistance-associated epitope DRB1 A71, even in the
presence of DRB1 K71, was apparent (P = 0.0008, 0.32).

Not every resistance-associated HLA epitope had
a dominant protective effect. Individuals who were ho-
mozygous for DRB1 H13 (P = 2.23 10214, OR 8.01) had a
greater risk for type 1 diabetes, whereas those homozy-
gous for DRB1 R13 (P = 4.4 3 1027, 0.04) were protected
(Table 4). However, heterozygous individuals (H13+/R13+)
had an OR close to 1.0, suggesting that the two epitopes
may neutralize each other with respect to disease sus-
ceptibility or resistance. Two copies of the susceptibility-
associated HLA-B C67, HLA-C YY9,116, DQA1 V76, or DPB1
YD9,57 epitopes had a higher OR for disease. However,
there was still an increased risk (OR$ 1.5) when only one
copy of the susceptibility epitope was inherited, suggest-
ing that susceptibility was dominant for these loci.

Validation of HLA Epitopes With an International
Dataset

The T1DGC dataset comprises study subjects who were
primarily of North American descent (Table 1). To

validate the findings, we analyzed data from an in-
ternational cohort of type 1 diabetic patients with sig-
nificantly greater ethnic diversity (see www.ncbi.nlm.nih.
gov/projects/gv/mhc/ihwg.cgi for study details). This
larger dataset only contained high-resolution HLA-typing
for the class II loci DRB1 and DQB1. The HEAP analysis
identified the same HLA epitopes with the strongest asso-
ciations with susceptibility: DQB1 A57 (P = 8.1 3 102192,
OR 10.9), DRB1 H13 (P = 2.1 3 102166, 7.42), and DRB1
K71 (P = 4.9 3 102173, 9.01). Similarly, the same HLA
epitopes with the strongest association with resistance
were found: DQB1 D57 (P = 1.9 3 102194, 0.13), DRB1
R13 (P = 3.1 3 10299, 0.09), and DRB1 A71 (P = 4.6 3
102101, 0.06) (Supplementary Table 3). In addition, the
dominance of the resistance-associated HLA epitopes was
evident (Supplementary Table 4). This was true even for
the DRB1 epitope H13, which in the analysis of the
T1DGC dataset appeared neutral (Table 4).

Multiple Susceptibility Epitopes Correlate With Earlier
Age of Disease Onset

We counted the number of alleles for each patient or
control subject that contained an HLA epitope associated
with susceptibility or resistance (see Tables 2 and 3 for
associated alleles) and correlated this total with age of
disease onset. If both the DRB1 H13 and K71 suscepti-
bility epitopes were found in the same allele, they were
counted only once. The maximum number of class I
susceptibility epitopes per person was 4 (2 each for
HLA-B and HLA-C) and for class II, 8 per person (2 each
for DRB1, DQA1, DQB1, and DPB1) for a total of 12
possible. A similar computation was performed for the
resistance HLA epitopes. Because only DRB1, DQA1, and
DQB1 had significantly associated resistance epitopes,
the maximum number was six for any individual
(Table 3). With this system, the number of epitopes for

Table 3—Shared HLA epitopes associated with resistance to type 1 diabetes

HLA locus Epitope
Patients
(n = 830)

Controls
subjects
(n = 968) Pcorr value† OR (95% CI) Associated alleles

Class I
HLA-A None
HLA-B None
HLA-C None

Class II
DRB1 R13 48 276 3.9 3 10234 0.15 (0.11–0.21) *15:01, *15:02, *15:03, *15:04,

*16:01, *16:02
DRB1 A71 31 251 3.5 3 10236 0.11 (0.08–0.16) *15:01, *15:02, *15:03, *15:04
DQA1 Y80 260 654 6.7 3 10252 0.22 (0.18–0.27) *01:01, *01:02, *01:03
DQB1 D57 210 729 7.1 3 10297 0.11 (0.09–0.14) *02:03, *03:01, *03:03, *04:02,

*05:03, *06:01, *06:02, *06:03, *06:20
DPA1 None
DPB1 None

†P values were corrected (Pcorr) for multiple comparisons.
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each subject in the study was totaled. Some patients and
control subjects had up to nine susceptibility HLA epi-
topes, whereas others had none. The number of resistant
HLA epitopes varied from zero to six. Overall, 96.5%
(801 of 830) of the type 1 diabetic patients and 71.8%
(695 of 968) of the control subjects had at least one
susceptibility HLA epitope. In contrast, 48.2% (400 of
830) of the patients and 91.6% (887 of 968) of
the control subjects had at least one resistance HLA
epitope.

The average number of susceptibility and resistance
HLA epitopes correlated with the age of disease onset.
Patients in the earliest diagnosis group, between 0 and 5
years, had the highest average number of susceptibility
HLA epitopes (Fig. 2A) and the lowest average number of

resistance epitopes (Fig. 2B). The average number of
predisposing epitopes was decreased and the number of
resistance epitopes increased in patients with diabetes in
whom the disease developed at an older age. In the control
subjects, the average number of susceptibility epitopes was
lower and the average number of resistance epitopes
higher than in any of the patient groups.

Linkage Disequilibrium Between DQ and DR Epitopes
in Patients and Control Subjects

The prevalence of having both the DQB1 A57 and the DRB1
H13 or DRB1 K71 epitopes (DQB1 A57-DRB1 H13/K71) was
compared between patients and control subjects (Table 5).
We found a 77% concordance in diabetic patients com-
pared with 28% in the control subjects (P = 5.7 3 102102,

Table 4—Homozygous vs. heterozygous inheritance of shared HLA epitopes

Locus Genotype combination
Patients
(n = 830)

Control subjects
(n = 968) P value* OR (95% CI)

HLA-B C67+/C67+ 23 16 0.1078 1.70 (0.89–3.23)

C67+/C672 237 169 2.6 3 1028 1.89 (1.51–2.36)

C672/C672 570 783 0.1443 0.52 (0.42–0.64)

HLA-C YY9,116+/YY9,116+ 14 7 0.0768 2.36 (0.95–5.87)

YY9,116+/YY9,1162 166 124 3.8 3 1025 1.70 (1.32–2.19)

YY9,1162/YY9,1162 650 837 6.3 3 1026 0.57 (0.44–0.72)

DRB1 H13+/H13+ 70 11 2.2 3 10214 8.01 (4.21–15.2)

H13+/R132 361 137 2.9 3 10244 4.67 (3.72–5.86)

H13+/R13+ 16 20 0.8675 0.93 (0.48–1.81)

R13+/H132 31 228 1.4 3 10236 0.13 (0.09–0.19)

R13+/R13+ 1 28 4.4 3 1027 0.04 (0.01–0.30)

DRB1 K71+/K71+ 95 25 3.6 3 10214 4.88 (3.11–7.65)

K71+/A712 357 190 6.3 3 10227 3.09 (2.51–3.81)

A71+/K71+ 10 36 0.0008 0.32 (0.16–0.64)

A71+/K712 20 190 5.5 3 10234 0.10 (0.06–0.16)

A71+/A71+ 1 25 2.8 3 1026 0.05 (0.01–0.34)

DQA1 V76+/V76+ 138 20 1.5 3 10229 9.45 (5.85–15.3)

V76+/V762 455 231 9.9 3 10242 3.87 (3.17–4.73)

V762/V762 237 717 1.6 3 10285 0.14 (0.11–0.17)

DQA1 Y80+/Y80+ 22 192 5.5 3 10233 0.11 (0.07–0.17)

Y80+/Y802 238 462 1.3 3 10216 0.44 (0.36–0.54)

Y802/Y802 570 314 6.6 3 10254 4.57 (3.74–5.57)

DQB1 A57+/A57+ 433 85 5.8 3 10296 11.3 (8.73–14.7)

A57+/D572 173 111 6.3 3 1028 2.03 (1.57–2.63)

A57+/D57+ 153 258 3.8 3 1025 0.62 (0.50–0.78)

D57+/A572 33 212 4.2 3 10231 0.15 (0.10–0.22)

D57+/D57+ 24 259 4.7 3 10250 0.08 (0.05–0.13)

DPB1 YD9,57+/YD9,57+ 18 3 0.0002 7.13 (2.09–24.3)

YD9,57+/YD9,572 164 119 1.7 3 1025 1.76 (1.36–2.27)

YD9,572/YD9,572 648 846 2.0 3 1027 0.51 (0.40–0.66)

*P value by Fisher exact test.
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OR 8.9). The percentage of those who only had DQB1 A57

was similar between patients and control subjects (14 vs.
19%), and the proportion of those who had DRB1 H13/K71

was lower in patients than in control subjects (1.4 vs.
9.3%). To verify this finding, we analyzed the larger IWHG
international dataset and found a 91% concordance in
patients with diabetes for DQB1 A57-DRB1 H13/K71

compared with 39% of the nondiabetic individuals
(P = 4.2 3 102252, 15.6). The percentage of patients
versus nondiabetic individuals who only had DQB1 A57

was 2.7 vs. 14.2%, and that for only the DRB1 H13/K71

epitope was 3.2 vs. 9.6% (data not shown).

DISCUSSION

Conventional allele frequency analysis can overlook
alleles with relatively rare frequencies. In addition, tra-
ditional analysis of HLA population genetics does not
account for shared HLA epitopes that allow disparate
alleles to present the same antigen. Our analysis found
HLA epitopes associated with susceptibility and re-
sistance to disease. In addition, rare alleles were identi-
fied because HLA epitopes were first determined at
the amino acid level and then the associated alleles
identified.

A previous group that used the same dataset from the
T1DGC identified a number of susceptible, neutral, and
protective HLA-DR-DQ haplotypes associated with type 1
diabetes (9). Instead of analyzing the disease associations
by individual loci, the authors looked at specific combi-
nations of DRB1, DQA1, and DQB1 alleles. They estab-
lished that the most susceptible haplotypes were
DRB1*03:01-DQA1*05:01-DQB1*02:01, DRB1*04:05-
DQA1*03:01-DQB1*03:02, DRB1*04:01-DQA1*03:01-
DQB1*03:02, and DRB1*04:02-DQA1*03:01-
DQB1*03:02. When they compared the amino acid dif-
ferences between the closely related DRB1*04:01-DQ and
DRB1*04:04-DQ haplotypes to determine why
DRB1*04:01 was more predisposing, they found that
these differ at position 71, identifying the same DRB1
K71 epitope found in the present study. In addition, the
risk conferred by certain DR alleles, in combination with
DQB1*03:02, was demonstrated.

In the same study, the authors reported that the most
protective DR-DQ haplotypes were DRB1*15:01-
DQA1*01:02-DQB1*06:02, DRB1*14:01-DQA1*01:01-
DQB1*05:03, and DRB1*07:01-DQA1*02:01-
DQB1*03:03 (9). The resistance DRB1 R13 and DRB1 A71

epitopes are found in DRB1*15:01. The present HEAP
analysis also identified DRB1 H60 (P = 3.3 3 1027, OR
0.15), which is found in DRB1*14:01 and DRB1 I67 (P =
9.2 3 10225, 0.35), which is expressed by DRB1*07:01
(data not shown). However, these epitopes were not in-
cluded in Table 2 because we listed those with the lowest
P values and highest ORs. The DQB1*05:03, *06:02, and
*03:03 alleles share the highly protective DQB1 D57

epitope that we identified. Therefore, our analysis found
susceptibility and resistance HLA epitopes shared by the
same alleles previously associated with disease. However,
the HEAP analysis also identified disparate alleles that
share these HLA epitopes, which can be missed in the
conventional allele frequency analysis.

Although DR and DQ may play the strongest role in
susceptibility for type 1 diabetes, HLA class I has also
been shown to contribute (21). A previous study reported
that the most significantly associated alleles were HLA-
B*57:01 and B*39:06. In addition, the B*39:06 allele
seemed to modulate risk on all DRB1-DQA1-DQB1
haplotypes on which it resided, suggesting a class I effect
that was independent of class II (21). We identified the

Figure 2—Susceptibility and resistance HLA epitopes have an
additive effect. A: The number of susceptibility epitopes was cal-
culated for each type 1 diabetic patient and control subject. The
maximum number for any individual was 12 (two alleles each for
HLA-B, -C, -DRB1, -DQA1, -DQB1, and -DPB1). The data were
correlated with the age of disease onset. For each age range, the
average number of epitopes and 95% CI are shown. No ages were
available for the control subjects. B: The number of resistance
epitopes was calculated and correlated with the age of disease
onset as in A. The maximum number for each individual was six
(two alleles each for HLA-DRB1, -DQA1, and -DQB1). A one-way
ANOVA revealed significant differences between the groups [F(5.2,
1,792) = 192.9 (P < 0.0001) and F(5,1972) = 159.2 (P < 0.0001) for
A and B, respectively].
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susceptibility epitope HLA-B C67, which is found in
B*39:06 (Table 2) and appears to be dominant, even
when the epitope is heterozygous (P = 2.6 3 1028, OR
1.89). We also identified HLA-C YY9,116, which is present
in five alleles: C*03:03, *03:04, *03:05, *03:06, and
*03:07. Inheritance of this susceptibility epitope also
appears dominant (P = 3.8 3 1025, 1.70). These HLA-C
alleles have not been previously reported as associated
with type 1 diabetes.

DPB1*03:01 and *02:02 have been associated with
susceptibility to type 1 diabetes, whereas DPB1*04:02
has been associated with resistance (22–24). In addition,
these associations have been found across different
ethnicities (25). We identified DPB1 YD9,57 (P = 5.4 3
1024, OR 1.95), which is expressed in DPB1*03:01. In-
heritance of this epitope had a dominant effect on dis-
ease susceptibility (Table 4). In addition, the present
analysis found DPB1 EL35,85 with a very high OR (P =
0.002, 8.10) (data not shown). The HLA alleles that share
this epitope include DPB1*02:02 and two rare alleles,
DPB1*100:01 and *34:01. Therefore, HEAP identified the
same susceptibility DPB1 alleles previously reported (24)
but extended the finding to include disparate alleles that
share the epitope. No resistance epitope associated with
any DPB1 allele, including DPB1*04:02, was identified in
the present analysis.

The linkage between HLA-DR and HLA-DQ has been
associated with the possible presence of a DQA1*05:01-
DQB1*03:02 transdimer. Previous studies suggested that
the presence of the transdimer is associated with the
highest risk of developing type 1 diabetes (9,26–29).
Because the DR-DQ region is separated by ,100 kb, it is
difficult to analyze the two loci independently (30).
Consequently, the high concordance we found between
the HLA-DQ and HLA-DR susceptibility epitopes in
patients could be a result of an HLA-DR linkage with
DQA1*05:01. In the T1DGC dataset, 56.7% of the
patients who have DRB1 H13 or K71 also have
DQA1*05:01. However, only 18.8% of the patients with
diabetes in the study have both DQB1*03:02 and
DQA1*05:01 alleles and could potentially express the
transdimer. These data suggest that the presence of
DRB1 and DQB1 epitopes correlates more strongly with
diabetes than does the possible presence of the
DQA1*05:01-DQB1*03:02 transdimer. How the HLA-DQ

and HLA-DR epitopes act in concordance with each other
to increase susceptibility for diabetes requires further
investigation.

In conclusion, HLA epitopes play an important role in
the predisposition for type 1 diabetes. Because the main
function of HLA molecules is to present peptides to T cells,
HLA epitopes are presumably involved in peptide-binding
and/or TCR interactions. In a study investigating DQB1,
alleles with the resistance-associated D57 had a fourfold
greater affinity for a GAD peptide than the susceptibility-
associated A57 (10). Others have shown that this poly-
morphism can either enhance or abrogate peptide binding,
depending on the peptide involved (31–34). Experiments
testing peptide binding to susceptibility and resistance HLA
epitopes are necessary to better understand how these HLA
epitopes influence disease susceptibility.
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