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type 1 diabetes (T1D), the immune-mediated form of
diabetes (1–4). Over half of the genetic risk for T1D is
conferred by HLA genes, especially the class II DR and DQ
genes that are in linkage disequilibrium on chromosome
6 (5,6). HLA class II genes encode MHC proteins that are
present on antigen-presenting cells, such as B cells, dendritic cells, and macrophages, which function to present
processed proteins and activate CD4 T cells (7). Speciﬁc
HLA alleles are known to increase risk for T1D development, including DRB1*04 (DR4)-DQA1*03:01-DQB1*03:02
(DQ8) and DRB1*03 (DR3)-DQA1*05:01-DQB1*02:01 (DQ2)
haplotypes (8,9). Other HLA genes are strongly associated
with protection from T1D development, namely, DRB1*15:01
(DR15)-DQA1*01:02-DQB1*06:02 (DQ6), which is a common
haplotype found in European Americans with a frequency of
about 14% but present in ,1% of people with T1D (10–15).
Further, genetic studies have mapped the protection to the
DQ6 allele, as opposed to the DR15 allele that is in linkage
disequilibrium with DQ6 (16,17).
The natural history of T1D occurs in stages that begin
with the presence of islet autoantibodies, including those
directed against insulin and b-cell proteins (GAD, IA-2, and
zinc transporter 8 [ZnT8]), then impaired glucose tolerance, and ﬁnally clinical T1D onset marked by hyperglycemia and the need for insulin treatment (18). The
Pathway to Prevention Cohort of Type 1 Diabetes TrialNet,
an international consortium of investigators studying the
natural history of T1D and conducting T1D prevention
trials (19), recently identiﬁed a cohort of relatives with
islet autoantibodies and the DQB1*06:02 allele. From
3,358 autoantibody-positive relatives of people with T1D,
155 (5%) were positive for the DRB1*15:01 (DR15)DQA1*01:02-DQB1*06:02 (DQ6) haplotype (20). These relatives were less likely to develop additional autoantibodies,
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Certain HLA class II genes increase the risk for type
1 diabetes (T1D) development while others provide protection from disease development. HLA class II alleles
encode MHC proteins on antigen-presenting cells, which
function to present peptides and activate CD4 T cells.
The DRB1*15:01 (DR15)-DQA1*01:02-DQB1*06:02 (DQ6)
haplotype provides dominant protection across all stages
of T1D and is a common haplotype found in Caucasians.
However, it is present in <1% of people with T1D. Knowing
which metabolic, immunologic, and genetic features are
unique to individuals who fail genetic protection and develop T1D is important for deﬁning the underlying mechanisms of DQB1*06:02-mediated protection. We describe
a T1D cohort with DQB1*06:02 (n 5 50) and compare them
to individuals with T1D and without DQB1*06:02 (n 5
2,759) who were identiﬁed over the last 26 years at the
Barbara Davis Center for Diabetes. The age at diagnosis
was similar between the cohorts and normally distributed
throughout childhood and early adulthood. The average
hemoglobin A1c was 10.8 6 2.8% (95 6 7 mmol/mol) at
diagnosis in those DQB1*06:02 positive. The majority of
T1D DQB1*06:021 individuals were positive for one or
more islet autoantibodies; however, there was a greater
proportion who were islet autoantibody negative compared with those T1D DQB1*06:022 individuals. Interestingly, DQB1*03:02, which confers signiﬁcant T1D risk, was
present in only those DQB1*06:021 individuals with islet
autoantibodies. This is one of the largest studies examining patients presenting with clinical T1D in the presence
of DQB1*06:02, which provides a population to study the
mechanisms of failed genetic protection against T1D.
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e.g., progress from single to multiple autoantibodies, and had
little to no metabolic worsening during 2 years of follow up
compared with those relatives without DQB1*06:02 (20).
These results conﬁrm those of an earlier study in which
DQB1*06:02 in the presence of islet autoantibodies protects from clinical T1D development (13). Only 4/155 relatives in the Pathway to Prevention Cohort developed a
diagnosis of clinical T1D. This indicates that DQB1*06:02
may not completely protect against the development of
islet autoantibodies but does protect against diabetes
onset. Given that the onset of diabetes is a rare event
with DQB1*06:02, there are limited numbers of DQB1*
06:02 1 patients with clinical T1D described to date
(20–22).
Characterizing individuals who develop T1D despite
genetic protection has important implications for understanding how tolerance is lost to islet antigens. Furthermore, understanding the mechanisms of DQ6-mediated
protection from T1D holds the potential to develop therapies that mimic this protection to delay and prevent
disease onset. Over the last 26 years, we HLA-typed and
measured islet autoantibodies in the vast majority of
patients presenting with clinical T1D at our center. From
2,809 T1D patients, we identiﬁed 50 patients who had the
DQB1*06:02 allele. This is one of the largest studies
examining the metabolic and immunologic features of
patients presenting with clinical T1D in the presence of
DQB1*06:02.

index 0.020 for ZnT8A. HLA typing was performed using
sequence-speciﬁc oligonucleotide probes for DRB1, DQA1,
DQB1, A, and B, as described previously (25).

RESEARCH DESIGN AND METHODS

Data Resource and Availability

Subjects and Study Design

All data generated and analyzed during this study are
included in the published article and the Supplementary
Material.

Laboratory Procedures

Islet autoantibodies to GAD (GADA), IA-2 (IA-2A), ZnT8
(ZnT8A), and insulin (IAA) were measured from serum
using radio-binding assays as previously described (23,24).
IAA and ZnT8A were measured in patients diagnosed in
1999 or later and 2010 or later, respectively. Harmonized
assays for GADA and IA-2A were available starting in
2010, and index values obtained before this time were
converted to DK units. The same positive cutoff values
were applied to all participants with an index of 0.010 for
IAA, 20 DK units for GADA, 5 DK units for IA-2A, and

Statistical analyses were performed using GraphPad
Prism 8.0 software (GraphPad Software). Fisher exact
tests were used to compare categorical variables between
DQB1*06:021 participants and DQB1*06:022 participants
and between DQB1*06:021 participants who were islet
autoantibody positive and negative. The categorical variables analyzed include race/ethnicity, islet autoantibody
positivity, number of islet autoantibodies, presence of diabetic ketoacidosis (DKA), and HLA type. As our sample
sizes are unequal between the DQB1*06:021 (n 5 50) and
DQB1*06:022 (n 5 2,759) groups, our power calculations
reveal 80% power to detect a medium effect size (based
upon a Cohen’s h value of 0.4), which indicates the ability
to detect a clinically signiﬁcant difference in these variables between the groups.
Unpaired t tests were used to compare continuous variables (HbA1c, islet autoantibody levels, and age) between
DQB1*06:021 participants and DQB1*06:022 participants
and between DQB1*06:021 participants who were islet
autoantibody positive and negative. Power calculations
with our sample sizes indicate that we have 80% power to
detect a difference of 0.4 SDs in these continuous variables.
P values ,0.05 were considered signiﬁcant.

RESULTS
Characteristics of T1D Participants by
HLA-DQB1*06:02 Status

Over the course of 26 years, we identiﬁed 50/2,809 (1.8%)
individuals with T1D and an HLA-DQB1*06:02 allele (Table
1). The majority of these individuals (62.4%) were seen at
initial diagnosis or within 1 year of diagnosis (Supplementary Material). It has been hypothesized that b-cell destruction may occur more slowly and that T1D may
develop at an older age in the presence of the strongly
protective DQB1*06:02 allele. Interestingly, in our cohort
the age of diagnosis with T1D was similar between
DQB1*06:021 (06021) and DQB1*06:022 (06022) individuals. The 06021 patients developed T1D at a mean age
of 10.8 6 6.0 years, and 06022 participants developed
T1D at a mean age of 12.5 6 8.7 years (P 5 0.069) (Table
1). The age at diagnosis among 06021 T1D participants
was normally distributed throughout childhood and early
adulthood with a peak in T1D diagnosis between ages
6 and 9 years (Fig. 1A). Race and ethnicity were similar
between the 06021 and 06022 groups with the majority of
patients being Caucasian; there was no difference in sex
between the cohorts (Table 1).
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Subjects were recruited from the Barbara Davis Center for
Diabetes Clinics, a major referral center for children and
adults with new-onset T1D, between 1993 and 2019.
These analyses include 2,809 patients who met the American Diabetes Association diagnostic criteria for diagnosis
with diabetes and were diagnosed with T1D. Of the 2,809
patients, we identiﬁed 50 patients who required insulin
treatment and had at least one DQB1*06:02 allele. Demographic characteristics were collected in a research
database, and participants self-reported race and ethnicity. Peripheral blood was obtained for islet autoantibody
measurements and HLA typing. All participants provided
written informed consent, and the Colorado Multiple
Institutional Review Board approved the study.

Statistical Analysis
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Table 1—Characteristics of T1D participants by HLA-DQB1*06:02 status
DQB1*06:021 (n 5 50)

DQB1*06:022 (n 5 2,759)

P value

Age at diagnosis, years (mean 6 SD)

10.8 6 6.0

12.5 6 8.7

0.069

Sex (% female)

52 (n 5 26)

46 (n 5 1,266)

0.395

Race/ethnicity (%)
White
Hispanic
Other
Unknown

86
6
6
2

0.540
(n
(n
(n
(n

5
5
5
5

43)
3)
3)
1)

55
39
35
51

Number of islet autoantibodies (%)**
0 Ab
1 Ab
2 Ab
$3 Ab

30 (14/47)
19 (9/47)
21 (10/47)
30 (14/47)

(27/49)
(19/49)
(13/37)
(18/35)

52 (1,399/2,676)
60 (1,587/2,663)
34 (479/1,398)
62 (553/898)
14
26
33
27

(247/1,827)
(474/1,827)
(607/1,827)
(499/1,827)

0.773
0.005
1.00
0.289
0.009
0.004
0.398
0.115
0.741

Ab, autoantibodies. *IAA positive values were excluded from analysis if measured .21 days after T1D diagnosis. **Includes samples for
which at least three islet autoantibodies were measured; overall P value is reported, followed by those for each category.

Islet Autoantibody Positivity

The majority of 06021 participants (70%) were positive for
one or more islet autoantibodies, yet more individuals in
the 06021 group were antibody negative in comparison
with the 06022 group (30% vs. 14%, P 5 0.004) (Table 1).
This resulted in the overall number of islet autoantibodies
being lower in the 06021 group compared with the 06022
group (P 5 0.009); however, there was not a difference in
the percentage of individuals positive for one or multiple
autoantibodies (Table 1). Positivity for GADA, IAA, and
ZnT8A was similar between the 06021 and 06022 participants; IAA was only considered positive if measured
within 21 days of T1D diagnosis. However, IA-2A was less
frequently positive in 06021 compared with 06022 individuals (39% vs. 60%, P 5 0.005). When examining islet
autoantibody levels (Fig. 2A–D), IA-2A levels were lower in
the 06021 group compared with the 06022 with a mean of

70 vs. 161 DK units (P , 0.001). IAA levels were also lower
in the 06021 group compared with 06022 with a mean
index of 0.022 vs. 0.050 (P 5 0.006).
Characteristics of DQB1*06:021 Patients by
Autoantibody Status

The cohort of 06021 individuals with T1D were diagnosed
at ages between 3 months and 28.9 years with no difference between those with and without autoantibodies (P 5
0.069) (Fig. 1B). As expected, these individuals were
hyperglycemic at the time of T1D diagnosis as measured
by hemoglobin A1c levels averaging 10.8 6 2.8% (95 6
7 mmol/mol) (Table 2). The rates of DKA were similar
between those with and without autoantibodies (Table 2).
As there were several individuals with a very early age of
diabetes onset (,1 year of age), monogenic forms of
diabetes were investigated. Two 06021 individuals were

Figure 1—A: Distribution of age at diagnosis with T1D in DQB1*06:021 participants (n 5 50). B: Age at diagnosis of T1D DQB1*06:021
participants that had islet autoantibodies measured (n 5 49). Mean age of autoantibody-negative (Ab2) participants was 8.5 6 5.0 years
(n 5 16), and mean age of autoantibody-positive (Ab1) participants was 11.8 6 6.2 years (n 5 33); P 5 0.069.
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Islet autoantibody status (%)
GADA
IA-2A
IAA*
ZnT8A

80 (n 5 2,213)
5 (n 5 142)
8 (n 5 218)
7 (n 5 186)

1766

T1D in the Presence of HLA-DQB1*06:02

Diabetes Volume 69, August 2020

discovered to have mutations in the gene encoding the
ATP-sensitive potassium-channel subunit Kir6.2 (KCNJ11),
which are known to cause neonatal diabetes (26) (Supplementary Table). One participant was autoantibody negative, while the other had an islet autoantibody. A separate
autoantibody-negative participant presented with diabetes
and later had clinical symptoms suggestive of Wolfram
syndrome (27). The participant was found to have a mutation in the WFS1 gene (Supplementary Material).
Frequency of T1D Predisposing HLA Alleles

First, the type and frequency of DQB1 alleles were determined in both the 06022 and 0602 1 cohorts. As
depicted in Fig. 3, the 06022 individuals with T1D have
percentages of T1D risk alleles as deﬁned by DQB1*03:02

(DQ8), DQB1*02:01 (DQ2), or both DQ8 and DQ2 that are
similar to those reported by other large T1D cohorts (3,5).
The percentages of these alleles are independent of autoantibody positivity. However, there are stark differences in
the 06021 cohort based upon the presence of islet autoantibodies. Those 0602 positive with autoantibodies are
more likely to have DQB1*03:02 (42%) as the other DQ
allele, whereas in the 06021 group without autoantibodies,
the DQB1*03:02 allele was not present (P 5 0.002) (Table
2). This is in contrast to DQB1*02:01, which is present in
similar frequencies in the 06021 group independent of
autoantibodies (Table 2). When analyzing the 06021 group
with autoantibodies for known T1D class II risk alleles
(e.g., DR3, DR4, DQ8, or DQ2), 82% (27/33) had at least
one on the other chromosome (Supplementary Material).

Table 2—Characteristics of T1D participants with DQB1*06:02 by autoantibody status
DQB1*06:021
(n 5 50)*

Ab1 (n 5 33)

Ab2 (n 5 16)

P value

10.8 6 2.8 [95 6 7]
(n 5 42)

11.3 6 2.9 [100 6 8]
(n 5 28)

10.0 6 2.6 [86 6 5]
(n 5 14)

0.170

DKA at diagnosis (%)
Yes
No
Unknown

36 (n 5 18)
44 (n 5 22)
20 (n 5 10)

45 (n 5 15)
36 (n 5 12)
18 (n 5 6)

19 (n 5 3)
63 (n 5 10)
19 (n 5 3)

HLA-DQ status (%)
DQB1*03:02
DQB1*02:01
Other

30 (n 5 15)
22 (n 5 11)
48 (n 5 24)

42 (n 5 14)
24 (n 5 8)
33 (n 5 11)

0 (n 5 0)
19 (n 5 3)
81 (n 5 13)

HbA1c at diagnosis,
% [mmol/mol] (mean 6 SD)

0.090

*Islet autoantibodies were measured in 49/50 06021 individuals with T1D.

0.006
0.002
1.00
0.002
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Figure 2—A–D: Islet autoantibody levels in DQB1*06:021 and DQB1*06:022 T1D individuals for IAA (A), IA-2A (B), GADA (C), and ZnT8A (D).
P 5 0.006 for IAA, P , 0.001 for IA-2A, P 5 0.20 for GADA, and P 5 0.76 for ZnT8A. IAA values were included if measured within 21 days of
T1D diagnosis. The dotted line is at the cutoff for each autoantibody positivity.
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DISCUSSION

The HLA-DQB1*06:02 allele is known to provide dominant
protection across the stages of T1D and from the initial
development of clinical diabetes. As such, only a limited
number of 06021 T1D cases have been described in the
literature. Here, we present one of the largest studies to
characterize DQB1*06:021 individuals with clinical T1D to
provide insights into the potential mechanisms of failed
genetic protection in the presence of a strongly protective
HLA allele. These 50 patients were identiﬁed over 26 years
of performing HLA-DQ typing and measurement of islet
autoantibodies in patients presenting to a large tertiary
referral center. Less than 2% of our cohort with clinical
T1D had the DQB1*06:02 allele, which is evidence of the
profound protection afforded by the DQ6 allele against
T1D development. Characterizing the rare 06021 individuals who have developed clinical T1D provides a framework
for understanding the underlying mechanisms behind
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failed genetic protection, which can offer important insights into T1D pathogenesis.
In general, T1D can be diagnosed at any age but typically peaks between the ages of 10 and 14 years, which
coincides with the start of puberty (30). The 06021 T1D
patients are no exception with an average age at diagnosis
of 11 years, which was similar to the 06022 patients in our
study. An older age was observed in autoantibody-positive
relatives with DQB1*06:02 in the TrialNet cohort; however, only a very small percentage of those individuals
progressed to clinical T1D (20). Our data do not suggest
that age of diagnosis is delayed by the presence of the DQ6
allele, but our presented results and those from the
TrialNet cohort indicate that DQB1*06:02 affords protection in the presence of islet autoimmunity. However, as we
report here, rare instances where the DQB1*06:02 allele
fails to provide genetic protection from T1D do occur.
Therefore, protection via the presence of the DQ6 allele is
not absolute.
In fact, approximately two-thirds of our 06021 T1D
patients had islet autoantibodies. It is also appreciated that
autoantibody-negative T1D can encompass different types
of diabetes including monogenic forms of diabetes (31),
and we did identify monogenic forms of diabetes with
mutations in the KCNJ11 and WFS1 genes in three 06021
individuals. Maturity-onset diabetes of the young (MODY)
is another monogenic form of diabetes, which is more
common in autoantibody-negative patients (32). Comprehensive testing for monogenic forms of diabetes including MODY needs to be completed in the 06021 patients
without antibodies, as this subset of individuals does not
have genetic risk for T1D, to discern whether these individuals truly have autoantibody-negative T1D. Finally,
type 2 diabetes can be difﬁcult to distinguish from
autoantibody-negative T1D. Although we cannot completely
exclude this possibility, the majority of our autoantibodynegative T1D participants were prepubertal, and all participants required insulin treatment at diagnosis, thus
making a diagnosis of type 2 diabetes less likely.

Table 3—HLA class I typing in autoantibody-positive participants by DQB1*06:02 status
DQB1*06:021

DQB1*06:022

P value

HLA-A allele (%)
02
03
24
Other
Individuals with a risk allele (02, 03, and 24)

36
20
8
36
94

(24/66)
(13/66)
(5/66)
(24/66)
(31/33)

33 (184/552)
11 (61/552)
10 (56/552)
46 (251/552)
80 (221/276)

0.680
0.068
0.663
0.190
0.058

HLA-B allele (%)
15
18
39
41
49
50
Other
Individuals with a risk allele (15, 18, 39, 41, 49, and 50)

9 (6/66)
3 (2/66)
0 (0/66)
0 (0/66)
2 (1/66)
0 (0/66)
86 (57/66)
24 (8/33)

15 (42/276)
7 (20/276)
3 (8/276)
1 (2/276)
1 (3/276)
1 (2/276)
72 (199/276)
51 (70/138)

0.240
0.273
0.362
1.00
0.578
1.00
0.018
0.007
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Next, to gain insight into further potential genetic risk
for T1D with DQB1*06:02, we conducted HLA class I
typing for HLA-A and HLA-B alleles. We also conducted
class I typing on a subset of 06022 T1D participants
(Supplementary Material). Several A and B alleles have
been shown to confer T1D risk (28,29), and the frequencies of these alleles in 06021 and 06022 participants with
autoantibodies are depicted in Table 3. Remarkably, 94%
(31/33) of 06021 participants with autoantibodies had
at least one A risk allele deﬁned as A*02, A*03, or A*24
compared with 80% (221/276) of those 06022 T1D participants with a trend toward statistical signiﬁcance (P 5
0.058) (Table 3). Known T1D risk B alleles (B*15, 18, 39,
41, 49, and 50) were less frequent in both 06021 and
06022 groups compared with the A alleles. B risk alleles are
more frequent in 06022 T1D individuals compared with
06021 individuals (51% vs. 24%, P 5 0.007) (Table 3).
Taken together, HLA typing indicates that those T1D
individuals with DQB1*06:02 have high frequencies of
both known T1D risk class II and class I alleles.
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The autoantibody proﬁles of those with 06021 and 06022
T1D showed equivalent percentages of patients positive for
autoantibodies directed against GAD65 and ZnT8 with similar
levels between the groups. However, IAA and IA-2A levels
were lower in the T1D 06021 group compared with the
06022 group. Interestingly, a much lower percentage of
autoantibodies directed against IA-2 was observed in the
06021 T1D patients. This ﬁnding could indicate less autoimmunity directed against IA-2, or the potential exists that
there are autoantibodies directed against the extracellular
domain of IA-2 (33), as the measured antibodies in our assay
bind to intracellular IA-2 epitopes. A recent report describes
antibodies to a novel variant of IA-2 with three amino acid
substitutions, which has been shown to increase the prediction of T1D in autoantibody-positive relatives (34). It will
be important to measure these alternate IA-2 autoantibodies
in our 06021 T1D patients.
The potential mechanisms of failed genetic protection
in the presence of DQB1*06:02 are important to deﬁne.
Our HLA typing data indicate that both known class I and
II T1D risk alleles are frequently present in the 06021 T1D
group. This implicates islet-reactive CD8 and CD4 T cells in
disease development as class I and II molecules function to
present peptides to these respective T-cell subsets. Remarkably, 94% of the autoantibody-positive 06021 group
had an A risk allele with much lower frequencies of B risk
alleles, implicating the role of HLA-A molecules in 06021
T1D patients. CD8 T cells reactive to islet peptides presented by HLA-A2 are known to exist in the peripheral
blood of patients with T1D (35,36) and within the residual
islets of T1D organ donors (37,38). Thus, the presence,
frequency, and function of islet-reactive CD8 T cells will be
important to measure in 06021 T1D patients.
When examining the other DQ allele in addition to
0602, we observed a high proportion of T1D risk-conferring
alleles, mainly DQ8 (DQB1*03:02) and DQ2 (DQB1*02:01).
These class II risk alleles did segregate by autoantibody
status in that those with islet autoantibodies were more

likely to have DQ8 on the other chromosome. In fact, DQ8
was only observed in those T1D 06021 individuals with
autoantibodies. Preproinsulin peptides have been eluted
from antigen-presenting cells expressing DQ6 and DQ8,
indicating that both heterodimers are capable of binding
and presenting insulin peptides (39,40). Interestingly, an
epitope within the signal peptide was presented by both
DQ8 and DQ6, albeit in different binding registers (40). It
will be important to study the function and activation
status of CD4 T cells that respond to similar insulin
peptides presented by DQ6 and DQ8 in individuals with
and without T1D.
An alternate mechanism includes epitope stealing in which
DQ6 preferentially binds T1D autoantigens such that DQ8
cannot present these antigens thus leading to less effector
T-cell responses. Binding and peptide elution data from DQ6
and DQ8 expressing antigen-presenting cells are consistent
with this mechanism (40,41). Epitope stealing may be lacking
in the ;50% of our 06021 T1D cases with DQ8; however,
additional mechanisms may still be involved for those with
a strongly protective HLA allele to develop T1D.
In conclusion, we describe a very rare cohort of individuals that developed clinical T1D in the presence of HLADQB1*06:02, which is ordinarily known to confer strong
protection against disease development. Studying the clinical,
immunologic, and genetic features of individuals that failed
genetic protection holds promise for understanding mechanisms that ultimately lead to b-cell destruction in T1D.
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Figure 3—HLA alleles in DQB1*06:021 and DQB1*06:022 T1D individuals compared by islet autoantibody positive (Ab1) versus autoantibody
negative (Ab2) status. n 5 33 for 06021 Ab1, n 5 16 for 06021 Ab2, n 5 2,077 for 06022 Ab1, and n 5 670 for 06022 Ab2.
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