Genetic Analysis of Adult-Onset Autoimmune Diabetes
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OBJECTIVE—In contrast with childhood-onset type 1 diabetes,
the genetics of autoimmune diabetes in adults are not well un-
derstood. We have therefore investigated the genetics of diabetes
diagnosed in adults positive for autoantibodies.

RESEARCH DESIGN AND METHODS—GAD autoantibodies
(GADAs), insulinoma-associated antigen-2 antibodies (IA-2As),
and islet cell autoantibodies were measured at time of diagnosis.
Autoantibody-positive diabetic subjects (n = 1,384) and popula-
tion-based control subjects (n = 2,235) were genotyped at 20
childhood-onset type 1 diabetes loci and FCRL3, GAD2, TCF7L2,
and FTO.

RESULTS—PTPN22 (1p13.2), STAT% (2q32.2), CTLA% (2933.2),
HLA (6p21), IL2RA (10p15.1), INS (11p15.5), ERBB3 (12q13.2),
SH2B3 (12q24.12), and CLEC16A (16p13.13) were convincingly
associated with autoimmune diabetes in adults (P = 0.002), with
consistent directions of effect as reported for pediatric type 1 di-
abetes. No evidence of an HLA-DRB1*03/HLA-DRB1*04 (DR3/4)
genotype effect was obtained (P = 0.55), but it remained highly
predisposing (odds ratio 26.22). DR3/4 was associated Wlth alower
age at diagnosis of disease, as was DR4 (P = 4.67 X 10°) but not
DR3. DR3 was associated with GADA posmwty (P=6.03x 1079
but absence of IA-2A (P = 3.22 X 10 7). DR4 was associated
with IA-2A positivity (P = 5.45 X 10™°).

CONCLUSIONS—Our results are consistent with the hypothesis
that the genetics of autoimmune diabetes in adults and children
are differentiated by only relatively few age-dependent genetic
effects. The slower progression toward autoimmune insulin de-
ficiency in adults is probably due to a lower genetic load overall
combined with subtle variation in the HLA class II gene associa-
tions and autoreactivity. Diabetes 60:2645-2653, 2011

he genetics of type 1 diabetes in children under
17 years of age (which is characterized by au-
toimmune destruction of the insulin-producing
B-cells in the pancreatic islets and insulin de-
ficiency) has been comprehensively studied, with over 50
susceptibility loci reported to date (1) (www.tldbase.org).
Investigation of the genetics of autoimmune diabetes in
subjects who develop the disease as adults can elucidate
the etiology of this late-onset autoimmunity and could
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impact its future treatment. However, most studies in adults
have been confined to the study of a condition diagnosed
as latent autoimmune diabetes in adults (LADA), a classi-
fication that is variable (2—4) (www.actionlada.org). In gen-
eral, these case subjects are aged between 30 and 50 years
and noninsulin dependent/not insulin treated at diagnosis
and remain so for at least 3-6 months postdiagnosis and
must be positive for GAD autoantibodies (GADAs), which
are associated with type 1 diabetes (www.actionlada.org).
A number of studies have investigated the association of
the major histocompatibility complex (MHC) region, spe-
cifically the HLA class Il genes HLA-DRB1 and HLA-DQBI1,
with LADA (5-7). They reported an age-at-diagnosis ef-
fect for the HLA-DRB1*03/HLA-DRB1*04 (DR3/4) genotype,
with the frequency of DR3/4 lower in the older age-groups
compared with that in the youngest age-groups, a finding
that is also characteristic of pediatric type 1 diabetes. HLA
class II susceptibility alone cannot account for type 1 di-
abetes development (8,9). However, in LADA cases to date,
only one non-MHC gene has been shown to be convincingly
associated: the —23 Hphl INS (rs689) single nucleotide
polymorphism (SNP) (10). This SNP is a near perfect proxy
for the disease causal variable number tandem repeat
(VNTR) polymorphism in the insulin (INS) gene in European
ancestry populations. In that study, the 400 case subjects
used were diagnosed with type 2 diabetes at an age at di-
agnosis between 25 and 68 years, were positive for GADA
and/or insulinoma-associated antigen-2 autoantibodies (IA-
2As), and did not require insulin during the first 3 months
following diagnosis. The T allele had an odds ratio (OR) of
0.42 (95% CI 0.31-0.58), which is consistent with reports in
childhood-onset type 1 diabetes and is associated with
increased immune tolerance to insulin and its precursors
(11). The authors concluded that the INS VNTR locus does
not distinguish LADA and pediatric type 1 diabetes.

In the current study, we have taken a simpler, clinic-based
approach to defining adult-onset autoimmune diabetes. To
be included in the study, all diabetic case subjects were
positive for one or more islet autoantibody, specifically,
islet cell antibody (ICA), GADA, IA-2A, or insulin-specific
autoantibodies (IAAs), and had glucose levels, oral glucose
tolerance test, or HbA;. at a level diagnostic for diabetes.
With these specific criteria for inclusion, the complexities
associated with classification of diabetes in adults is
avoided (2) and, as advocated by a number of authors in
recent commentaries (3,4), the study of autoimmune di-
abetes may be more informative. Twenty type 1 diabetes—
associated loci, selected based on effect size (OR =1.15,
leading to power =0.7 at a = 0.05), potential age-at-
diagnosis effects (IL2RA, IL2, and RNLS), and putative
associations with thyroid peroxidize autoantibodies (STAT%,
UBASHS3A, IL2, BACH2, and CTLA4% [12,13]) were tested for
association with autoimmune diabetes diagnosed in adults.
The obesity gene, FTO, has been shown to be associated
with LADA (14) and so was also tested for association in
the autoimmune diabetic case subjects, as was the gene
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GENETICS OF ADULT-ONSET AUTOIMMUNE DIABETES

TCF7L2, which has the strongest effect of any locus in
type 2 diabetes (15). Finally, FCRL3 is thought to be a
general autoimmunity locus because of its association with
several autoimmune diseases (16-19), so both FCRL3 and
the gene GADZ2 encoding the GAD antigen itself were also
tested for association in these 1,212 adult-onset autoim-
mune diabetic case subjects. Hence, we have tested more
loci in more adult-onset autoimmune diabetic case subjects
than any other study has reported on to date.

RESEARCH DESIGN AND METHODS

Diabetic case subjects were recruited at 14 diabetes practices in Ulm and the
surrounding area, southwest Germany, as part of the Baden-Wiirttemberg
Consortium, Arbeitsgemeinschaft Diabetologie Baden-Wiirttemberg - Erhebung
Neu entdeckter Typ 1 Diabetiker (ADBW-END) Study Group. A total of 1,384
case subjects had autoimmune diabetes defined by glucose, oral glucose tol-
erance test, or HbA;. at a level diagnostic for diabetes according to World
Health Organization criteria; in addition, at least one islet autoantibody had to
be positive (ICA, GADA, IA-2A, or IAA). All case subjects were treated with
insulin upon diagnosis of diabetes. One case subject was diagnosed within the
1st year of life and so was removed from all subsequent analyses. The remaining
case subjects were aged between 3 and 89 years at diagnosis (the average age-
at-diagnosis was 33.3 years [Fig. 1]). Of 1,212 case subjects diagnosed at age
17 years or over, 668 (55.4%) were male and 7 did not have sex information. A
large proportion of case subjects diagnosed under age 18 years in Germany are
seen by pediatricians and, hence, are underrepresented in our collection, thereby
accounting for the high median age at diagnosis (31 years) of our case subjects.
Control sample subjects were recruited as part of a population-based, cross-
sectional health survey in southwestern Germany. Of 12,475 inhabitants of
an urban population, 4,000 were randomly selected by staff at the municipal
registration office from the registry of inhabitants and invited to participate in
the study. One hundred and seven were ineligible, having moved from the area.
Subjects with glucose levels outside the normal range according to World
Health Organization criteria and HbA | levels =6.0% (using the Diabetes Control
and Complications Trial/lUK Prospective Diabetes Study assay as a reference
method) were excluded. A total of 2,513 people aged 10-70 years, 47.4% (n =
1,192) of whom were male, participated in the study. The average age of control
subjects was 39.7 years; 261 were 17 years of age or younger at the time of
recruitment and were not analyzed.
Ethical agreement. The study meets the international agreements of the
World Medical Association Declaration of Helsinki 2000 about ethical princi-
ples for medical research involving human subjects and was approved by the
ethics committee of the State Medical Chamber Baden-Wiirttemberg. Written
consent was obtained from every study participant.
Autoantibodies. All case subjects were tested for serum autoantibodies to at
least one of ICA, GADA, IA-2A, and IAA using established methodology (20,21).
All samples were tested at a single laboratory (Ulm) in duplicate including
positive and negative control standard sera, and 15% were then validated with
100% concordant. Diabetes Autoantibody Standardization Program (DASP)
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FIG. 1. Frequency histogram of age at diagnosis in the 1,384 German
autoimmune diabetic case subjects. The curve represents the normal
density.
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2007 Workshop results for GAD65 was 95% specificity, 86% sensitivity. DASP
2007 Workshop results for IA-2ic was 99% specificity, 73% sensitivity. The 99th
percentile, used as the cutoff for positivity, was calculated from 1,200 healthy
school children for IAA (22) and from 2,000 healthy adults for GADA and
IA-2A. Cutoff for positivity was >0.9 arbitrary units (AUs) for GADA, >0.75
for IA-2A, and >1 for [AA.

ICAs were measured by indirect immunofluorescence on cryosections of
human pancreas after being incubated overnight at 4°C. The detection limit
was 5 Juvenile Diabetes Foundation units (JDFUs). ICA levels =20 JDFU were
considered positive. The assay achieved an analytical sensitivity and speci-
ficity of 100% in the 13th ICA Workshop in 1998.

Genotyping. All SNPs were genotyped using the TagMan 5’ nuclease assay
(Applied Biosystems, Warrington, U.K.) according to the manufacturer’s pro-
tocol. Genotyping was performed blind to case-control status and double
scored to minimize errors.

Tagging SNPs. Tag SNPs were selected based on up to 6,205 British pediatric-
onset type 1 diabetic case subjects and 5,325 British control subjects,
described elsewhere (1,23). These case and control subjects were geno-
typed at 2,420 SNPs within the extended MHC region as part of the TIDGC
genome-wide association study (GWAS) using the Illumina 550 K Infinium
platform (1) and at 1,687 SNPs from the Wellcome Trust Case-Control
Consortium (WTCCC) GWAS using the Affymetrix GeneChip Human
Mapping 500 K Array set (23). The British pediatric-onset case and the
British control subjects were genotyped at HLA-DRBI using Dynal RELI SSO
assays (Invitrogen, Paisley, U.K.) or Roche Molecular Systems SSO reverse dot
blot technology.

The linkage disequilibrium (LD) measures, 7* and D', between each SNP on

the SNP chip platforms and the HLA-DRB1%03 allele and the HLA-DRB1*04
allele were calculated separately in case and control subjects using STATA
(www.stata.com). The SNP in strongest LD with HLA-DRB1*03 was rs2187668
(#* = 0.99 in case subjects and »* = 0.87 in control subjects), and the one in
strongest LD with HLA-DRB1%04 was rs660895 (+* = 0.87 in case subjects and
7% = 0.74 in control subjects). For HLA-DRB1*15, rs9270986 was found to be in
strongest LD (+% = 0.97 in the subset of control subjects used by the WTCCC).
However, when this SNP was genotyped using TagMan in all 6,205 case and
5,325 control subjects with HLA-DRBI genotypes, the LD dropped to 7* = 0.87
in control subjects and 7 = 0.52 in case subjects. Therefore, the next best SNP
was used, rs9271366, which in the full sample set had »* = 0.98 in control
subjects and 7 = 1.00 in case subjects.
Statistics. Association analyses were performed using STATA. All SNPs were
in Hardy-Weinberg equilibrium in control subjects (P = 0.06). Association with
autoimmune diabetes was tested using disease outcome as the dependent
variable and genotype as the independent variable in a logistic regression
model. Sex was included as a covariate in the logistic model because of the
different proportion of male and female subjects between the case and control
groups (Supplementary Data). To test whether a multiplicative model was an
appropriate approximation for the SNP association tests, a genotype effects
model on 2 degrees of freedom (df), which does not assume a specific mode of
inheritance, was compared with a multiplicative allelic effects model on 1 df
using a likelihood ratio test. In the HLA region, rs2187668 and rs660895 were
used to code the genotypes HLA-DRB1*03/03, 03/04, 03/X, 04/04, 04/X, and
X/X. The b df genotype effects model was compared with a 2 df multiplicative
allelic effects (DR3, DR4) model using a likelihood ratio test. Only samples
genotyped at both loci were included in this test. Power calculations for as-
sociation were performed using CaTS (24).

Association with autoantibody positivity was tested in the same manner
as above, using logistic regression with autoantibody status as outcome vari-
able, and included all necessary covariates (see ResuLTs). No adjustments
of P values to allow for multiple comparisons were made. However, the
threshold of significance for association with adult-onset autoimmune di-
abetes, or autoantibody positivity, was lowered to P = 0.002 to account for
multiple testing.

Interaction with age at diagnosis was tested in a case-only linear regression
model, with age at diagnosis as the outcome variable, and also in a multinomial
logistic regression model with quartiles of the age-at-diagnosis distribution as
the categorical outcome variable. The SNP allele, or genotypes, were used as
the independent variables. Only the pediatric type 1 diabetes—associated
regions were tested for age-at-diagnosis effects; hence, the threshold of sig-
nificance used was raised to P = 0.0025. The study had 80% power to detect
effect sizes of 2.6 years per allele using o = 0.0025 and an allele frequency of
0.3 (equivalent to the DR3 allele). For a = 0.05, the study was powered to
detect effects as low as 1.8 years per allele for a minor allele frequency of 0.3.

A genetic risk score (or “load”) was estimated using the predictors in
a logistic regression model in which disease status was used as the outcome
variable and all 25 type 1 diabetes-associated SNPs were included as in-
dependent variables. The scores were regressed on age at diagnosis to esti-
mate the dependence of age at diagnosis on genetic risk.
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RESULTS

HLA associations. Case subjects under 17 years old at
diagnosis (n = 172) were excluded from the SNP associa-
tion tests because we were principally interested in the
genetics of adult-onset autoimmune diabetes. The most as-
sociated SNPs, rs2187668 and rs660895 (P = 2.31 X 107%
and 8.65 X 10 ®, respectively, and P = 2.02 X 10~ '™ for
the joint effect of both SNPs [Table 1]), were in the HLA
class Il region, which is the primary genetic locus for type 1
diabetes diagnosed in childhood. These SNPs are accurate
proxies for the highly type 1 diabetes—predisposing alleles,
HLA-DRB1*03 (DR3) and HLA-DRB1%04 (DR4) alleles
(7‘2 >(.7 [see RESEARCH DESIGN AND METHODS and Supplemen-
tary Data]). Both SNPs had independent effects on risk of
adult-onset autoimmune diabetes (the two SNPs added to
each other in a logistic regression model, P < 1 X 10~%),
and the minor alleles of both SNPs were strongly predis-
posing to adult-onset autoimmune diabetes (OR 5.36 for
DR3 and 4.98 for DR4 [Table 1]). However, there was no
evidence of a synergistic DR3/4 effect (P = 0.55); i.e., the
DR3/3, DR3/4, and DR4/4 genotypes all had similar pre-
disposing effects (the 95% Cls all overlapped [Table 1]).
The X/X genotype was strongly protective, with an OR of
0.19 (95% CI 0.15-0.24) (using DR4/X as reference [Table 1])
but was more common than reported in British childhood-
onset case subjects (Supplementary Table 1).

Non-HLA associations. The strongest association out-
side of the MHC region was with INS (P = 1.97 X 10~ %)
(Table 2), followed by PTPN22 (1p13.2), which mirrors the
strong associations of these genes in British pediatric-onset
type 1 diabetes (Fig. 2). A further six candidate genes
(regions), STAT% (2q32.2), CTLA4% (2933.2), IL2RA (10p15.1),
ERBB3 (12ql13.2), SH2B3 (12q24.12), and CLECI16A
(16p13.13), were all convincingly associated with adult-
onset autoimmune diabetes, with the same direction of ef-
fect as reported for British pediatric-onset type 1 diabetes
(P = 0.002) (Table 2; Fig. 2; Supplementary Table 2). The
evidence of association at the remaining eleven loci (IFIH1
[2924.2], IL2 [4q27], BACHZ2 [6q15], GLIS3 [9p24.2], RNLS
[10g23.31], IL27 [16pll.2], CTRB2 [16q23.1], GSDMB
[17q12], PTPN2 [18pl1.21], CD226 [18q22.2], and UBASH3A
[21g22.3]; P > 0.004) was not at a level required to be

convincing (P = 0.002). Three independent effects have
been reported in type 1 diabetes at ILZRA, with rs2104286,
rs12722495, and rs115694656 (25). The most associated
SNP in adult-onset autoimmune diabetic case subjects was
rs12722495 (P = 5.22 X 10~ °) (Table 2). Once the effect of
this SNP was accounted for, there was no further evidence
of association at IL2RA (P > 0.06), probably owing to a
lack of power (Table 2).

No evidence of association with adult-onset autoim-
mune diabetes was obtained at TCF7L2 or FTO (P > 0.4)
(Table 2), implying that our case series does not contain
a sizeable number of type 2 diabetic case subjects because
our study had 99% power to detect the effect at TCF7L2
(Table 2). Given the work by Saxena et al. (26), the sub-
group of type 2 diabetic subjects with impaired insulin
secretion does not appear to be represented. The lack of
association at TCF7L2 suggests that it does not signifi-
cantly affect risk of adult-onset autoimmune diabetes,
which contrasts with another study of 197 adult-onset GADA-
positive diabetic case subjects (27) but is consistent with
findings in type 1 diabetic subjects (28). Neither FCRL3 nor
GADZ2 was associated with adult-onset autoimmune diabetes
(P = 0.5) (Table 2).

Age-at-diagnosis effects. Evidence of an age-at-diagnosis
effect was obtained with the DR4 SNP, rs660895 (P = 4.67 X
1075 (Table 3), using all 1,384 autoimmune diabetic case
subjects but not with the DR3 SNP, rs2187668 (P = 0.067)
(Table 3). The average age at diagnosis of case subjects
homozygous for DR4/4 (the G/G genotype of rs660895) was
30.0 years compared with 32.3 years for DR4/X (the A/G
genotype at rs660895) and 35.8 years for DRX/X (the A/A
genotype at rs660895). The same trend was not observed
for the DR3 genotypes (Table 3). However, the known
DR3/4 age-at-diagnosis effect was observed, having a fre-
quency of 0.23 in case subjects diagnosed before age 22
years compared with 0.17 in case subjects diagnosed after
age 43 years (Table 3). Most striking was the increase
in frequency of the DRX/X genotype with increasing age
at diagnosis. DRX/X was over twice as common in the
>43-years age category (0.20) as in the 0- to 21-years cat-
egory (0.08) (Table 3). The inverse was observed with the
DR4/4 genotype (Table 3). The large increase (12%) in

TABLE 1
HLA associations in a maximum of 1,177 adult-onset autoimmune diabetic case subjects and 2,210 control subjects
N (frequency)
SNP (allele or genotype) Case subjects Control subjects OR [95% CI] P
rs2187668 (DR3)* 585 (0.25) 395 (0.09) 3.37 [2.92-3.90] 231 x 10°%
rs660895 (DR4)* 868 (0.37) 662 (0.16) 3.34 [2.94-3.81] 8.65 x 103
DR37 567 (0.25) 380 (0.09) 5.36 [4.53-6.34]
DR47 852 (0.37) 656 (0.16) 4.98 [4.23-5.77]
DRX+t 857 (0.38) 3,138 (0.75) 1.00 (ref.) 2.02 x 10717
3/3% 75 (0.07) 15 (0.01) 37.97 [21.26-67.81] 7.22 [4.07-12.79]
3/4% 222 (0.20) 64 (0.03) 26.22 [18.94-36.30] 4.98 [3.65-6.80]
4/4% 142 (0.12) 47 (0.02) 22.42 [15.48-32.48] 4.26 [2.98-6.10]
4/X+ 346 (0.30) 498 (0.24) 5.26 [4.23-6.54] 1.00 (ref.)
3/XE 195 (0.17) 286 (0.14) 5.15 [4.02-6.60] 0.98 [0.78-1.23]
X/Xt 158 (0.14) 1,177 (0.56) 1.00 (ref.) 0.19 [0.15-0.24]

The SNPs rs2187668 and rs660895 were used as proxies for HLA-DRB1#03 (DR3) and HLA-DRB1*04 (DR4) alleles, respectively, and to code
for the DR3/4/X genotypes (see RESEARCH DESIGN AND METHODS). The P values reported are for a model that assumes multiplicative allelic effects
either for the individual SNPs or for the joint effects of both DR3 and DR4. *Individual SNP associations of rs2187668 and rs660895 use all
samples genotyped at the test SNP. TA joint effects model including both DR3 (rs2187668) and DR4 (rs660895). Only samples genotyped at
both SNPs were included (see RESEARCH DESIGN AND METHODS). iThe genotype effects model. Only samples genotyped at both SNPs were
included (see RESEARCH DESIGN AND METHODS). No P value is reported for this model because a multiplicative allelic effects model was an appro-
priate approximation (P = 0.55). N, number of chromosomes or genotypes.
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TABLE 2

Associations at 24 non-HLA loci in a maximum of 1,196 autoimmune diabetic case subjects diagnosed at over 17 years of age and 2,215

control subjects

N Chromosomes (MAF) Power*

Candidate gene (region), SNP Case subjects Control subjects OR [95% CI] P a=0.001 «a=0.05
PTPNZ22 (1p13.2), rs2476601 (C>T) 376 (0.16) 431 (0.10) 1.77 [1.53-2.06]  8.03 x 10~ 1.00 1.00
IFIHI (2924.2), rs1990760 (A>G) 832 (0.36) 1,643 (0.39) 0.87 [0.78-0.96] 0.0077 0.35 0.83
STAT% (2q932.2), rs7574865 (G>T) 590 (0.25) 938 (0.21) 1.23 [1.09-1.39] 5.93 x 107* 0.04 0.35
CTLA% (2933.2), rs3087243 (G>A) 928 (0.39) 2,043 (0.46) 0.75 [0.68-0.83] 3.65 X 108 0.74 0.98
IL2 (4q27), rs2069763 (G>T) 786 (0.34) 1,484 (0.34) 0.96 [0.86-1.08] 0.51 0.17 0.64
I1L2 (4927), rs2069762 (T>G) 715 (0.30) 1,366 (0.31) 0.96 [0.86-1.08] 0.51 0.12 0.57
BACH?Z (6q15), rs11755527 (C>G) 1,144 (0.49) 1,686 (0.45) 1.16 [1.05-1.29] 0.0045 0.20 0.68
GLIS3 (9p24.2), rs7020673 (G>C) 1,052 (0.44) 2,083 (0.48) 0.88 [0.79-0.97] 0.012 0.23 0.72
ILZ2RA (10p15.1), rs12722495 (A>G) 190 (0.08) 499 (0.11) 0.70 [0.58-0.83] 5.22 X 1077 0.99 1.00
IL2RA (10p15.1), rs2104286 (A>G) 523 (0.22) 1,083 (0.25) 0.85 [0.76-0.96] 0.031 0.07 0.44
IL2RA (10p15.1), rs11594656 (T>A) 576 (0.25) 1,127 (0.27) 0.92 [0.82-1.03] 0.13 0.20 0.68
RNLS (10923.31), rs10509540 (T>C) 530 (0.24) 1,133 (0.26) 0.88 [0.78-1.00] 0.041 0.95 1.00
INS (11p15.5), rs689 (A>T) 382 (0.16) 1,280 (0.29) 0.47 [0.42-0.54]  1.97 X 10732 1.00 1.00
ERBBS3 (12q13.2), rs2292239 (C>A) 846 (0.36) 1,376 (0.32) 1.20 [1.08-1.33] 840 x 1074 0.97 100
SH2B3 (12924.12), rs3184504 (A>G) 1,030 (0.44) 2,114 (0.48) 1.35 [1.22-1.50] 2.67 X 107° 0.95 100
CLEC16A (16p13.13), rs12708716 (A>Q) 763 (0.34) 1,583 (0.38) 0.83 [0.75-0.93] 7.82 x 10~* 0.77 0.98
IL27 (16p11.2), rs4788084 (G>A) 939 (0.39) 1,830 (0.42) 0.90 [0.81-1.00] 0.042 0.37 0.84
CTRB2 (16q23.1), rs7202877 (T>G) 271 (0.12) 468 (0.10) 1.09 [0.92-1.27] 0.32 0.41 0.86
GSDMB (17q12), rs2290400 (G>A) 1,127 (0.49) 2,115 (0.50) 0.97 [0.87-1.07] 0.051 0.30 0.79
PTPN2 (18p11.21), rs478582 (T>C) 1,027 (0.43) 1,947 (0.44) 0.96 [0.87-1.06] 0.55 0.65 0.96
PTPN2 (18p11.21), rs45450798 (G>C) 390 (0.17) 644 (0.15) 1.15 [1.00-1.31] 0.054 0.63 0.95
CD226 (18q22.2), rs763361 (C>T) 1,157 (0.49) 2,178 (0.49) 0.98 [0.89-1.08] 0.68 0.25 0.74
UBASH3A (21q22.3), rs3788013 (C>A) 1,035 (0.44) 1,853 (0.42) 1.06 [0.96-1.17] 0.26 0.19 0.68
Obesity locus

FTO (16q12.2), rs9939609 (T>A)t 953 (0.41) 1,798 (0.42) 0.96 [0.87-1.06] 0.45 0.42 0.86
Type 2 diabetes locus

TCF7L2 (10g25.2), rs12255372 (G>T) 571 (0.27) 1,147 (0.27) 1.01 [0.89-1.13] 0.93 0.99 0.99
Autoantibody loci

GAD2 (10p12.1), rs2839671 (G>A) 412 (0.18) 776 (0.18) 0.96 [0.84-1.09] 0.50 0.13 0.59

FCRL3 (1g23.1), rs7528684 (A>G) 1,045 (0.44) 1,919 (0.44) 1.03 [0.93-1.14] 0.58 0.30 0.79

MAF, minor allele frequency; number of chromosomes is listed for the minor allele. *Power is calculated for the susceptible allele, assuming
multiplicative allelic effects at all loci except INS. For all type 1 diabetes—associated loci, the effect estimates and minor allele frequencies
used to calculate the power were taken from Smyth et al. (38), Fung et al. (39), and Barrett et al. (1) and are also available from www.t1dbase.org/
page/regions. Note that if the association of a locus is reduced with increasing age at diagnosis, these power estimates could be inflated. For the
TCF7L2 and FTO loci, the effect estimates as reported for type 2 diabetes were used (40,41). For the autoantibody loci, an effect estimate of 1.15,
which is not unusual for type 1 diabetes, was used. 71s9939609 is in LD with rs9931494, the SNP reported as associated with LADA (72 =091, D =

0.98 in Centre d'Etude du Polymorphisme Humaine samples) (14).

frequency of the X/X category in the oldest onset case
subjects could not be attributed to the type 1 diabetes—
protective HLA-DRB1*15 allele (rs9271366) alone, which
was only 3% more frequent in the oldest case subjects
compared with the youngest (Table 3). The G allele of the
SNP rs9271366 is in LD with HLA-DRB1*15 (#* =0.98) (see
RESEARCH DESIGN AND METHODS).

Outside of the HLA, no convincing evidence of age-
at-diagnosis effects was obtained (P > 0.0037) (Supplemen-
tary Table 3), with only suggestive evidence of an effect
with rs478582 at PTPN2 (P = 0.0057), rs7202877 at CTRB2
(P = 0.0050), and rs2104286 at IL2RA (P = 0.0037) (Sup-
plementary Table 3). Nevertheless, evidence that age at
diagnosis was dependent on the overall genetic load at-
tributable to the 25 type 1 diabetes—associated SNPs tested
was obtained (P = 6.18 X 10™®). The genetic load in case
subjects was inversely related to age at diagnosis (re-
gression coefficient 8 = —2.1), such that the overall genetic
risk was lower in case subjects diagnosed at an older age
than in those diagnosed at a younger age.

Associations with autoantibodies. Autoantibodies were
measured at time of diagnosis in 83% of case subjects and
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postdiagnosis in the remaining 17% of case subjects. All
case subjects were positive for one or more of the islet
autoantibodies. ICA was measured in 1,270 samples, of
which 59% were positive; [A-2A was measured in 933 case
subjects, of whom 51% were positive; GADA was measured
in 1,380 case subjects, of whom 83% were positive. Fifty-
seven percent of our samples were positive for more than
one autoantibody. Only 411 case subjects were GADA
positive but negative for [A-2A, TIAA, and ICA. GADA posi-
tivity was correlated with an older age at diagnosis, an earlier
date of birth, and a shorter duration of disease (Supple-
mentary Table 4). TA-2A positivity was pairwise correlated
with a more recent date of birth and shorter duration of
disease (Supplementary Table 4). However, age at diagnosis
and date of birth together were used as covariates in the
genetic association tests because they accounted for more
variation in IA-2A positivity than date of birth and duration
(Supplementary Table 4).

No evidence of association with IA-2A or GADA was
obtained at the non-HLA type 1 diabetes—associated SNPs
(P > 0.01). In contrast, both the DR3 and DR4 tag SNPs,
rs2187668 and rs660895, were strongly associated with

diabetes.diabetesjournals.org
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FIG. 2. Comparison of effects of the minor allele in German autoimmune diabetic case subjects diagnosed between 17 and 89 years of age (X) and
British pediatric-onset type 1 diabetic case subjects diagnosed before 17 years of age (4 ). Effects in type 1 diabetic subjects are taken from Smyth
et al. (38), Fung et al. (39), and Barrett et al. (1) and are also available from www.tldbase.org/page/regions. Effects for all SNPs tested in Table 2
are given for British pediatric-onset type 1 diabetic case subjects diagnosed before 17 years of age in Supplementary Table 2.

IA2A (P = 3.22 X 1077 and 5.45 X 107 respectively)
(Table 4). Interestingly, their effects on IA-2A were in op-
posite directions, such that the DR3 allele was associated
with IA-2A negativity and DR4 was associated with [A-2A
positivity. The DR3/4 genotype effect with IA-2A was close
to neutral; the DR3 and DR4 effects essentially cancelled
each other out (Table 4).

The DR3 SNP, r52187668 was associated with GADA
positivity (P = 6 03 X 1075 (Table 5). The DR4 SNP,
rs660895, was not associated with GADA in a single locus
model (P 0.090) (Table 5) but did 1mprove a model in-
cluding DR3 (rs2187668) (P = 2.22 X 10~ °). However,
there was only a small difference in the frequency of DR4
in GADA positives and negatives, suggesting that perhaps
it was the non-DR4 alleles that were associated with GADA
positivity. SNPs rs2187668 and rs660895 were used to code
the non-DR3 non-DR4 allele, DRX, which was found to be
negatively associated with GADA positivity (OR 0.56 [95%
CI 0.43-0.74]) (Table 5). Analysis of the genotypes revealed
that while DR4/4 was associated with GADA positivity (OR
2.57) (Table 5), both DR4/X and DRX/X were negatively
associated with GADA positivity (OR 0.563 and 0.27, respec-
tively, using DR3/4 as reference) (Table 5).

diabetes.diabetesjournals.org

FCRL3 (rs7528684) was found to be associated with
IA-2A (P =9.16 X 10~ %) (Table 6). The minor (G) allele was
negatively associated with IA-2A positivity (OR 0.73)
(Table 6). Neither the FCRL3 SNP (rs7528684) nor the
GAD2 SNP (rs2839671) was associated convincingly with
GADA positivity (P = 0.012 and 0.17, respectively).

DISCUSSION

In contrast with smaller studies of adult-onset autoimmune
diabetes or LADA that ascertained case subjects from
type 2 diabetes clinics, this study, for the first time, has
gathered together a large collection of samples from di-
abetic patients of all ages who are autoantibody positive at
the time of diagnosis and tested them for association with
previously confirmed pediatric type 1 diabetes—associated
genetic loci. We obtained evidence for nine susceptibility
loci, including HLA, INS, PTPN22, and IL2RA, which are
shared in common between autoimmune diabetes diag-
nosed in adults and type 1 diabetes diagnosed in children.
With more samples and improved power, the number of
shared susceptibility loci will increase. For instance, nomi-
nal evidence of association at P < 0.01 was also obtained
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TABLE 3

Age at diagnosis in all 1,384 autoimmune diabetic case subjects, irrespective of age at diagnosis, by HLA genotype (rs9271366 being

too rare to analyze for age-at-diagnosis effects by age category)

Mean age at diagnosis

Genotype counts (frequency) by age-group

(years) (SD) 0-21 years 22-31 years 32-43 years =44 years P Peat
rs660895 (DR4)
A/A (X/X) 35.8 (16.4) 97 (0.30) 104 (0.33) 130 (0.41) 133 (0.44) 467 x10°% 258 x 10°*
G/A (4/X) 32.3 (15.5) 172 (0.53) 174 (0.54) 146 (0.46) 146 (0.48)
G/G (4/4) 30.0 (14.7) 54 (0.17) 42 (0.13) 41 (0.13) 27 (0.09)
152187668 (DR3)
G/G (X/X) 34.0 (16.3) 187 (0.56) 176 (0.55) 177 (0.56) 187 (0.61) 0.067 0.51
G/A (3/X) 31.9 (15.3) 128 (0.38) 126 (0.39) 118 (0.37) 104 (0.34)
A/A (3/3) 32.9 (13.0) 18 (0.05) 20 (0.06) 21 (0.07) 17 (0.06)
159271366 (DR15)
A/A (X/X) 33.1 (15.9) 320 (0.98) 307 (0.96) 298 (0.95) 297 (0.96) 0.13 NA
A/G (15/X) 36.7 (11.1) 4 (0.01) 12 (0.04) 15 (0.05) 13 (0.04)
G/G (15/15) 37.3 (18.2) 1 (0.00) 0 (0.00) 1 (0.00) 1 (0.00)
3/3 33.3 (12.9) 16 (0.05) 20 (0.06) 21 (0.07) 17 (0.06) 178 x 1077 0.0029
3/4 304 (14.4) 72 (0.23) 73 (0.23) 57 (0.18) 50 (0.17)
4/4 30.0 (14.3) 54 (0.17) 41 (0.13) 40 (0.13) 27 (0.09)
3/X 33.9 (16.3) 51 (0.16) 49 (0.16) 59 (0.19) 50 (0.17)
4/X 33.4 (16.1) 98 (0.31) 99 (0.31) 85 (0.28) 92 (0.31)
X/X 39.2 (17.3) 26 (0.08) 33 (0.10) 47 (0.15) 60 (0.20)

NA, not analyzed. P, the P value for interaction of age at diagnosis as a continuous trait with genotype. P, P value for interaction of genotype
with the four age-groups corresponding to the quartiles of the age-at-diagnosis distribution.

for IFIH1 (2924.2) and BACHZ2 (6ql15) with the same di-
rection of effect as reported for pediatric type 1 diabetes
(Table 2; Supplementary Table 3; Fig. 2). We were unable
to account for any population substructure because the
cohort has not been genotyped on a GWAS SNP chip.
However, given that all case and control subjects were of
white European ancestry, were recruited from a single
region in Germany, and that evidence of association ob-
tained in adult-onset autoimmune diabetes was consistent
with the effects found with childhood-onset type 1 dia-
betes, confounding due to population effects should be
minimal. A proportion of our case subjects is likely to
fulfill the diagnostic criteria for LADA, which is thought to
be an autoimmune form of diabetes. However, these case
subjects could not be identified in our cohort because all

TABLE 4

case subjects were treated with insulin upon diagnosis of
diabetes based on clinical grounds and not autoantibody
status of the patient, of which the clinicians were unaware.

Given the known age dependence of the DR3/4 genotype
association (56-7), the lack of evidence of a DR3/4 syner-
gistic effect in our adult-onset autoimmune diabetic case
subjects, despite >90% power assuming the same effect size
as in childhood-onset type 1 diabetes, was unsurprising.
DR4/4, which has not previously been shown to have an
age-at-diagnosis effect in autoimmune diabetes, had a re-
duced frequency in case subjects with an older age at
diagnosis. The converse increase in frequency of the DRX/X
genotype that was observed (Table 3) was consistent with
earlier reports that the HLA class II alleles, which confer
protection for pediatric-onset type 1 diabetes, are more

Association of HLA class II with IA-2A in 904 autoimmune diabetic case subjects, using rs660895 and rs2187668 to model HLA-DR4 and

-DR3, respectively

N (frequency)
[A-2A positive TA-2A negative OR [95% CI] P

rs660895

G (DR4)* 390 (0.42) 291 (0.33) 1.62 [1.31-2.00] 5.45 x 107¢
rs2187668

A (DR3)t 186 (0.20) 260 (0.29) 0.56 [0.44-0.70] 322 X 1077

DR4i 382 (0.42) 286 (0.33) 1.34 [1.06-1.70]

DR3i# 184 (0.20) 255 (0.30) 0.64 [0.49-0.82] 143 X 1077

4/4% 73 (0.16) 42 (0.10) 1.90 [1.09-3.29]

3/4% 81 (0.18) 96 (0.22) 0.84 [0.52-1.36]

3/3% 21 (0.05) 34 (0.08) 0.54 [0.28-1.06]

4/X% 155 (0.34) 106 (0.25) 1.59 [1.02-2.50]

3/X+ 61 (0.14) 91 (0.21) 0.68 [0.41-1.12]

X/X% 61 (0.14) 62 (0.14) 1.00 (ref.)

Both DR3 and DR4 were required to model the association with IA-2A. The DR3/4/X genotype coding did not improve on the allele-specific
model (P = 0.66). *Uses all samples genotyped at rs660895. tUses all samples genotyped at rs2187668. £Uses samples genotyped at both
rs660895 and rs2187668. N, number of chromosomes or genotypes.
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TABLE 5

Association of HLA class II with GADA, using rs660895 and rs2187668, to model HLA-DR4 and -DR3 (in 1,327 and 1,342 autoimmune

diabetic case subjects, respectively)

N (frequency)

SNP GADA positive GADA negative OR [95% CI] P
rs2187668

A (DR3)* 586 (0.26) 76 (0.17) 1.90 [1.42-2.55] 6.03 x 10°¢
rs660895

G (DR4)* 847 (0.38) 168 (0.36) 1.23 [0.97-1.57] 0.090

DR3+ 569 (0.26) 72 (0.16) 1.43 [1.02-1.99] 2.53 [1.82-3.51]

DR4T 833 (0.39) 166 (0.38) 1.00 (ref.) 1.78 [1.36-2.33]

DRXt 754 (0.35) 202 (0.46) 0.56 [0.43-0.74] 1.00 (ref.) 5.31 X 107°

4/4 147 (0.14) 22 (0.10) 2.57 [1.44-4.59] 1.37 [0.72-2.59]

3/X 194 (0.18) 23 (0.10) 2.37 [1.38-4.09] 1.26 [0.69-2.32]

3/3 74 (0.07) 6 (0.03) 3.27 [1.25-8.61] 1.74 [0.64-4.76]

3/4 227 (0.21) 37 (0.17) 1.88 [1.18-2.98] 1.00 (ref.)

4/X 312 (0.29) 85 (0.39) 1.00 (ref.) 0.53 [0.34-0.85]

X/X 124 (0.12) 47 (0.21) 0.51 [0.32-0.81] 0.27 [0.16-0.47]

*Single SNP analyses use all samples genotyped at the test SNP. tUses the DR3 and DR4 SNPs to generate a non-DR3, non-DR4 allele, DRX, and to
analyze the class Il locus HLA-DRBI as a single locus including alleles using two alleles in the model and using the third as reference. Only samples
genotyped at both SNPs (rs2187668 and rs660895) were included in this analysis. The evidence that the DR3/4/X genotype coding was a more
appropriate model than the combined DR3 and DRA4 allelic effects model was unconvincing (P = 0.024). N, number of chromosomes or genotypes.

common in older-onset autoimmune diabetes (6). Other
HLA-DRBI or HLA-D@BI alleles or genotypes, in addition
to the protective HLA-DRB1*15 allele, must have elevated
frequencies in adult-onset autoimmune diabetes, but full
HLA genotyping is required to determine which one(s).
Outside the HLA region, RNLS, rs10509540, and the IL2
SNP rs2069763 have been shown to have an age-at-diagnosis
effect in pediatric-onset type 1 diabetes (J.JM.M.H., J.A.T.,
unpublished data), with the minor allele conferring less
susceptibility in older-onset case subjects. This direction of
effect is consistent with our findings in the HLA. Owing to
the age-at-diagnosis interaction, the effect size in adult-
onset autoimmune diabetes is likely to be smaller than
that in pediatric type 1 diabetes. Hence, using the effect
size as reported in pediatric type 1 diabetes to calculate
power may exaggerate the power of our study to detect
an effect in adult-onset autoimmune diabetes. No effect of
rs10509540, RNLS (10923.31), was detected in adult-onset
autoimmune diabetes, despite good power (80%) to detect
an effect of OR 0.88, which is smaller than the effect
reported in childhood-onset type 1 diabetes (OR 0.75 [95%
CI 0.70-0.80]) (1). Consequently, in addition to the HLA
class II alleles, RNLS (rs10509540) distinguishes pediatric-
onset type 1 diabetes from adult-onset autoimmune di-
abetes because it either has an effect size significantly
smaller than in childhood-onset type 1 diabetes or it is not
associated in adult-onset autoimmune diabetes. In fact, all
of the loci with possible age-at-diagnosis effects, HLA-DR3/4,
HLA-DR4/4, RNLS, IL2, PTPN2, CTRBZ2, and IL2RA, ap-
pear to have a significantly smaller effect in adult-onset

autoimmune diabetes than in childhood-onset diabetes
(Table 3; Fig. 2). Three of the loci with possible age-at-
diagnosis effects in autoimmune diabetes, PTPNZ2, ILZRA,
and IL2, are all involved in interleukin-2 (IL-2) cytokine’s
essential role in maintaining immune tolerance (9,29).
These results are mirrored by findings regarding the IL-2
gene in susceptibility to autoimmune diabetes in the NOD
mouse (9). Genetic deficiencies in the IL-2 pathway, in
concert with HLA class II genes, are clearly a major driver
for young-onset type 1 diabetes. The immune system is
known to alter significantly over time, and these changes
could imply that the role of the IL-2 pathway in loss of
tolerance to islet antigens and susceptibility to autoim-
mune diabetes wanes with age (30). Importantly, IL-2
production and signaling, an essential requirement for
immune-tolerating function of T regulatory cells, is the
major causal effect outside the MHC in the NOD mouse
model of autoimmune diabetes and here, too, the de-
pendency on IL-2 decreases with increasing age (31,32).

The inverse association of DR3 and DR4 with [A-2A in
our autoimmune diabetic case subjects is consistent with
that observed in British pediatric-onset type 1 diabetes
(OR 0.56 and 0.56, respectively, for DR3 and OR 1.62 and
1.75, respectively, for DR4) (33). However, despite an
increase in frequency in adult-onset autoimmune di-
abetes compared with British pediatric-onset type 1 dia-
betes, DRX/X is consistently neutral for IA-2A in both
groups. In contrast, the DRX/X group is not associated
with GADA positivity in British childhood-onset type 1
diabetes (33) but was negatively associated with GADA

TABLE 6
Association of rs7528684 (A>G) in FCRL3 (1g23.1) with IA-2A positivity in 903 autoimmune diabetic case subjects
N (frequency)
Allele or genotype TA-2A positive TA-2A negative OR [95% CI] P
G 386 (0.42) 450 (0.50) 0.73 [0.60-0.88] 9.16 X 1074
A/A 161 (0.35) 116 (0.26) 1.00 (ref.) 1.44 [1.05-1.97]
A/G 210 (0.46) 212 (0.48) 0.70 [0.51-0.96] 1.00 (ref.)
G/G 88 (0.19) 116 (0.26) 0.53 [0.37-0.78] 0.77 [0.54-1.09]

N, number of chromosomes or genotypes.
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positivity in adult-onset autoimmune diabetes. Having
accounted for age-at-diagnosis effects, we found that DR4/4
and DR3/4, which are associated with a younger age at
diagnosis, were associated with GADA positivity in our
autoimmune diabetic case subjects (Table 5), a trait asso-
ciated with older age at diagnosis (Supplementary Table 4).
In concordance with this, neither DR4/4 nor DR3/4 was
associated with GADA positivity in British childhood-onset
type 1 diabetes (33). Others have reported, in a much
smaller sample set, that there is an age-at-diagnosis de-
pendence of the HLA-DQB1*0302 (which is in high LD
with DR4) GADA association (34). These results together
could indicate a change over time in autoantigenic targets
and autoreactive T-cell repertoires.

The FCRL3 SNP, rs7528684 (A>G), has been shown to
affect FCRL3 expression on B cells through nuclear factor-
kB binding (16). It has also been shown to be associated
with several autoimmune diseases (16-19) but not with
type 1 diabetes (35,36). Despite not being associated in our
adult-onset autoimmune diabetic case subjects, rs7528684
in FCRL3 was associated convincingly with IA-2A posi-
tivity, an effect also found in type 1 diabetes diagnosed
before age 17 years (13). However, in contrast to Graves
disease and rheumatoid arthritis, in which the G/G ge-
notype confers susceptibility, G/G was associated with
absence of IA-2A and A/A with [A-2A positivity in our case
subjects.

Type 1 diabetes incidence is predicted to double in
children by 2020 owing to undefined environmental changes
(37). These children carry the most diabetogenic combi-
nations of susceptibility alleles. Consequently, lower fre-
quencies of high-risk alleles and genotypes are observed
in older case subjects because individuals carrying the
most strongly predisposing alleles in the population will
have progressed to autoimmune insulin deficiency at
a younger age. Although we have not scanned the entire
genome for association with autoimmune diabetes di-
agnosed in adults, we propose that the genetic architec-
ture will be almost identical to pediatric diabetes but with
a lower genetic load and a different history of environ-
mental exposure.
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