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Abstract 
The HLA region is the major genetic risk determinant of Type 1 diabetes. How non-HLA loci contribute to the genetic risk is incompletely 
understood, but there are indications that at least some impact progression of asymptomatic autoimmunity. We examined whether SNPs in 
7 susceptibility loci (INS, SH2B3, PTPN2, PTPN22, CTLA4, CLEC16A, and IL2RA) could improve prediction of the progression from single to 
multiple autoantibody positivity, and from there on to diagnosis. SNPs were genotyped in persistently autoantibody positive relatives by allelic 
discrimination qPCR and disease progression was studied by multivariate Cox regression analysis. In our cohort, only the CTLA4 GA genotype 
(rs3087243, P = 0.002) and the CLEC16A AA genotype (rs12708716, P = 0.021) were associated with accelerated progression from single to 
multiple autoantibody positivity, but their effects were restricted to presence of HLA-DQ2/DQ8, and IAA as first autoantibody, respectively. The 
interaction of CTLA4 and HLA-DQ2/DQ8 overruled the effect of DQ2/DQ8 alone. The HLA-DQ2/DQ8-mediated risk of progression to multiple 
autoantibodies nearly entirely depended on heterozygosity for CTLA4. The SH2B3 TT genotype (rs3184504) was protective for HLA-DQ8 
positive subjects (P = 0.003). At the stage of multiple autoantibodies, only the CTLA4 GA genotype was a minor independent risk factor for 
progression towards clinical diabetes (P = 0.034). Our study shows that non-HLA polymorphisms impact progression of islet autoimmunity 
in a subgroup-, stage- and SNP-specific way, suggesting distinct mechanisms. If confirmed, these findings may help refine risk assessment, 
follow-up, and prevention trials in risk groups.
Keywords: autoimmunity, CLEC16A, CTLA4, prediction, SH2B3, Type 1 diabetes
Abbreviations:  autoAb: autoantibody; autoAb+: autoantibody positive; BDR: Belgian Diabetes Registry; FDRs: first-degree relatives; GWAS: genome-wide 
association studies; IA-2A: insulinoma associated-2 autoantibodies; IAA: insulin autoantibodies; ZnT8A: zinc transporter 8 autoantibodies.

Introduction
Genetic factors, amongst other variables, affect both the risk 
of developing islet autoimmunity and its subsequent pro-
gression to overt Type 1 diabetes [1]. HLA polymorphisms 
account for a major part of the genetic risk, but genome-wide 
association studies (GWAS) have also identified about 60 
different non-HLA loci each delivering a relatively small, al-
beit significant, contribution to genetic risk [2–5]. How these 
non-HLA loci modulate disease progression, is not yet fully 
understood. However, there are indications that at least some 
non-HLA polymorphisms may have a relatively large im-
pact in specific subgroups and disease stages in time-to-event  
analysis [6–11].

In a registry-based cohort of islet autoantibody positive 
(autoAb+) first-degree relatives (FDRs) our group has shown 
that the factors that modulate progression of asymptomatic 
autoimmunity differ according to the autoAb profile present 
[12, 13], in line with observations by others [14, 15]. At the 
immune activation stage, heralded by single autoAb posi-
tivity, we found that disease progression is driven by HLA 
Class II-inferred risk, the presence of IAA as first autoAb, 
and younger age, culminating in the development of mul-
tiple autoAbs. In contrast, once the stage of multiple autoAb 
positivity—considered to represent asymptomatic Type 1 
diabetes [16, 17]—is reached, the progression rate towards 
clinical onset is mainly influenced by HLA Class I-inferred 

Received 6 October 2022; Revised 12 December 2022; Accepted for publication 5 January 2023

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/article/211/3/224/6979727 by U

LB user on 07 April 2024

mailto:mvdcaste@vub.be?subject=
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad002#supplementary-data


Clinical and Experimental Immunology, 2023, Vol. 211, No. 3 225

risk and the presence of autoAbs directed against IA-2 (IA-
2A) and/or zinc transporter 8 (ZnT8A) [13]. Our group pre-
viously reported statistical models built by Cox regression 
to predict progression through both these stages [10, 12].

Our goal now is to further disentangle the genetic basis of 
disease progression by studying the possible contribution of 
selected Type 1 diabetes-associated SNPs—alone or through 
interactions with known stage-specific risk factors—in single 
and multiple autoAb+ FDRs separately. This may help to 
better understand mechanisms underlying disease progres-
sion, and to identify those subjects who are at the highest 
risk of entering the next disease stage and likely to benefit 
most from participation in novel stage-specific prevention 
trials. We therefore selected eight SNPs in non-HLA loci (INS, 
SH2B3, PTPN2, PTPN22, CTLA4, CLEC16A, and IL2RA) 
to be tested on a cohort of Belgian autoAb+ FDRs under 40 
years of age [10]. This selection was based on the relatively 
high odds ratios for Type 1 diabetes in several GWAS [3]. 
Moreover, these SNPs were reported to affect the develop-
ment or the progression of asymptomatic islet autoimmunity 
in other specific study populations, although sometimes with 
contradictory findings [6–9, 11, 18–21]. Little is known about 
the stage-specific impact of non-HLA SNPs. We thus inves-
tigated whether any of these Type 1 diabetes non-HLA risk 
markers affected disease progression in the Belgian cohort of 
autoAb positive relatives and their potential improvement of 
stage-specific risk assessment based on multivariate time-to-
event analyses.

Methods
Participants
Between March 1989 and December 2015, BDR followed 
461 persistently autoAb+ siblings and offspring (<40 years of 
age) of Type 1 diabetes patients among a group of 7029 FDRs 
enrolled after informed consent from the relatives or their 
legal representative. This study was ethically approved under 
nr. BUN143201939922 by the institutional review board 
of Universitair Ziekenhuis Brussel (IRB UZB). The Belgian 
Diabetes Registry (BDR) provided pseudonymized clinical, 
anthropometric, and biological data. Blood and DNA samples 
(−80°C) were available from its associated biobank (IRB UZB 
nr BUN143201524128). The study was conducted in accord-
ance with the guidelines of the Declaration of Helsinki [22]. 
The cohort of autoAb+ FDRs developed the first confirmed 
autoAb positivity at a median (IQR) age of 11.6 (6.4–19.3) 
years and had a median (IQR) follow-up time of 72 (35–129) 
months. Blood sampling was performed at study entry, and as 
a rule, yearly thereafter.

Analytical methods
HLA-DQ and HLA-A haplotypes were previously deter-
mined by allele-specific oligonucleotide hybridization and 
autoAbs against insulin (IAA), GAD65 (GADA), insulinoma-
associated protein 2 (IA-2A), and ZnT8A were determined 
by liquid-phase radiobinding assays [12, 13]. INS rs689, 
INS rs1004446, PTPN2 rs45450798, PTPN22 rs6679677, 
CTLA4 rs3087243 (CT60), SH2B3 rs3184504, CLEC16A 
rs12708716, and IL2RA rs2104286 were genotyped by 
allelic discrimination using TaqMan SNP genotyping as-
says C_1223317_10, C_1223303_10, C_86382390_10, 
C_29537457_10, C_3296043_10, C_2981072_10, 

C_31075342_10, and C_16095542_10 respectively (cat 
no 4351379, Applied Biosystems, Foster City, CA) on a 
QuantStudio™ 12K Flex Real-Time PCR System (Applied 
Biosystems). Controls without DNA were included in each 
run. Genotype calling was performed by the software.

Statistical analyses
Stage-specific impact on progression rate was evaluated for 
each individual SNP. Both univariate and multivariate Cox 
regression analysis of survival was used to assess progres-
sion from single to multiple autoAb positivity, and from 
there on to disease onset. Besides SNP genotype, other 
stage-specific independent predictors were included in the 
analysis that were previously determined in the present co-
hort [12], together with their respective alleged interactions 
with SNP genotype (for multivariate analysis). Since BMI 
was previously shown not to represent a significant factor 
for progression in this cohort [12], it was not included in 
the present analyses. For progression from single to multiple 
autoAb positivity the variables include age at first autoAb 
positivity, and absence/presence of HLA-DQ8, HLA-DQ2/
DQ8, HLA-A*24, and IAA. For progression from mul-
tiple autoAb positivity to diabetes these variables include 
age at first multiple autoAb positivity, absence/presence of 
HLA-A*24 and IA-2A/ZnT8A, and being offspring of a dia-
betic mother. Multivariate analysis was performed in dom-
inant, recessive, and additive inheritance models per SNP. 
Significant interaction effects were visualized by Kaplan-
Meier survival curves, which in turn were analyzed with the 
log rank test. Next, a combined Cox model was constructed 
for the immune activation stage, starting from a base model 
including three main variables: age at first autoAb positivity, 
HLA-DQ2/DQ8, and HLA-A*24. Identified interaction ef-
fects and the previously reported protective interaction effect 
between female sex and ERBB3 GG [10] were added to this 
model in a conditional forward approach. The goodness of 
fit of the models was tested using the Akaike information 
criterion (AIC), which represents an estimate of information 
not explained by the model and includes a penalty for the 
number of variables [23]. Models are compared by the rela-
tive likelihood calculated from the differences in AIC values 
[24]. Differences in AIC values of >4 between two models 
indicate that the model with the higher value is less plaus-
ible, while, with differences of >10, the model with the higher 
AIC value can be omitted [24]. AIC values were calculated 
for each step, to assess to what extent the predictive model 
could be improved. Stepwise conditional forward modeling 
was performed in SPSS version 27.0 software (IBM, 
Armonk, NY). Two-tailed statistical tests were performed 
and P-values <0.05 were considered significant. We did not 
correct for multiplicity (Bonferroni correction) when per-
forming comparisons between groups but used multivariate 
Cox regression to adjust for possible confounders. Figures 
were prepared using GraphPad Prism version 9 for Windows 
(GraphPad Software, San Diego, CA).

Results
SNP genotyping
In our cohort of 461 persistently autoAb+ FDRs, 448 could 
be genotyped for at least one of the eight studied SNPs; 
13 could not, due to unavailable DNA. During a median 
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follow-up time (IQR) of 60 (24–130) months 69 of 261 ini-
tially autoAb+ relatives developed one or more additional 
autoAb, and 18 of them progressed towards diagnosis 
without first developing additional autoAbs, as visualized 
in Supplementary Fig. 1. Progression towards Type 1 dia-
betes could be monitored in 256 FDRs (187 FDRs with mul-
tiple autoAb positivity at study entry and 69 initially single 
autoAb+ FDRs after developing a second autoAb), of whom 
145 progressed to clinical onset during a median follow-up 
time (IQR) of 56 (28–96) months (Supplementary Fig. 1). 
All eight SNPs tested had call rates above 98%, and all SNP-
genotypes followed Hardy-Weinberg equilibrium (data not 
shown). The amount of missing data per SNP is presented in 
Supplementary Table 1.

Progression from single to multiple autoAb 
positivity
Univariate Cox analysis confirmed that age at first autoAb 
positivity (P < 0.0001), HLA-DQ8 (P = 0.013), HLA-DQ2/
DQ8 (P = 0.001), HLA-A*24 (P = 0.023), and IAA as first 
autoAb (P = 0.022) impacted the progression from single 
to multiple autoAb positivity in our cohort, in line with our 
previous findings [12], and indicated that none of the SNPs 
could influence the progression rate when tested as single in-
dependent variable (Supplementary Table 2). To further in-
vestigate the possible impact of each of the eight SNPs on 
disease progression, multivariate Cox regression models were 
built using a conditional forward approach. While younger 
age at immune activation, presence of HLA-DQ2/DQ8 
haplotype, and absence of HLA-A*24 genotype, remained 
independent predictors of faster progression towards mul-
tiple autoAb positivity in the cohort (Table 1), as previously 
reported [12, 13], none of the eight SNPs emerged as add-
itional determinants of progression in this model (Table 1, 
and data not shown). However, some SNPs (CTLA4, SH2B3, 
CLEC16A, and INS rs689) contributed to the regression 
model via interaction effects with the determinants identified 

in the univariate analysis. The INS rs689 TT genotype ap-
peared to affect progression from single to multiple autoAb 
positivity in HLA-DQ8 positive participants, although, this 
effect was only borderline significant (P = 0.050), and it was 
not observed for INS rs1004446. The CTLA4 GA genotype 
accelerated progression to multiple autoAbs only when the 
high-risk haplotype HLA-DQ2/DQ8 was present (P = 0.002, 
HR = 4.929, Table 1), while, in turn, HLA-DQ2/DQ8 was 
no longer an independent predictor in this model (Table 1). 
For the SH2B3 TT genotype, progression to multiple autoAb 
positivity occurred more rapidly in IAA positive FDRs  
(P = 0.043, HR = 3.550, Table 1). In addition, a more pro-
nounced interaction with HLA-DQ8 was observed, resulting 
in a delay in progression in individuals positive for both 
HLA-DQ8 and the SH2B3 TT genotype (P = 0.003, HR 
= 0.122, Table 1). Lastly, IAA positive FDRs carrying the 
CLEC16A AA risk genotype progressed faster to the stage of 
multiple autoAbs (P = 0.021, HR = 1.986, Table 1). No inter-
action effects were found for IL2RA, PTPN2, and PTPN22. 
Given our previous findings on the interaction between locus 
ERBB3 and female sex [10], we also tested all eight SNPs 
for interaction with the sex variable, but no interactions were 
found (data not shown).

Cox regression thus suggested interactions between SNPs and 
specific population variables to affect the rate of progression 
from single to multiple autoAb positivity. Kaplan-Meier ana-
lysis confirmed that progression towards multiple autoAb posi-
tivity was strongly accelerated by the CTLA4 heterozygous GA 
genotype in HLA-DQ2/DQ8 positive participants (P < 0.001, 
GA vs. AA+GG, Fig. 1a and b). The progression tended to be 
slower in presence of the SH2B3 TT genotype (TT vs. CC+TC) 
in HLA-DQ8 positive participants (P = 0.016, Supplementary 
Fig. 2 a and b), single autoAb+ participants without IAA  
(P = 0.062, Supplementary Fig. 2 c and d), and even more so in 
HLA-DQ8 positive participants without IAA (P = 0.014, Fig. 
1c and d), as suggested by the Cox regression (Table 1). For 
CLEC16A, the association of the AA genotype with more rapid 
progression towards multiple autoAb positivity in IAA positive 

Table 1: CTLA4 GA, SH2B3  TT, and CLEC16A AA genotypes in Cox regression analysis of the progression from single to multiple autoAb positivity in 
FDRs

 CTLA4 (GA vs. GG+AA) SH2B3 (TT vs. CC+TC) CLEC16A (AA vs. GG+AG)

Variable P HR [95% CI] P HR [95% CI] P HR [95% CI] 

Age first autoAb+ <0.0001 0.915 [0.884−0.948] <0.0001 0.908 [0.876−0.941] <0.0001 0.913 [0.882−0.946]
IAAb (0/1a) — — — — — —
Non-(HLA-A*24) (0/1a) 0.028 2.295 [1.093−4.822] 0.007 2.845 [1.329−6.091] 0.016 2.480 [1.183−5.198]
HLA-DQ8 (0/1a) — — 0.024 1.981 [1.092−3.593] — —
HLA-DQ2/DQ8 (0/1a) 0.824 0.021 2.122 [1.120−4.023] <0.0001 3.112 [1.811−5.349]
SNP (0/1a) — — — — — —
SNP × age first autoAb+ — — — — — —
SNP × IAA — — 0.043 3.550 [1.041−12.110] 0.021 1.986 [1.109−3.556]
SNP × non-(HLA-A*24) — — — — — —
SNP × HLA-DQ8 — — 0.003 0.122 [0.030−0.498] — —
SNP × HLA-DQ2/DQ8 0.002 4.929 [1.783−13.632] — — — —

a0/1: no/yes.
bIAA as first autoantibody.
—, not retained in conditional forward model (P > 0.050). P values, hazard ratio’s (HR) and 95% confidence intervals are presented. No significant 
interaction effects were found for INS rs1004446, PTPN2, PTPN22, and IL2RA. A borderline effect was found for INS rs689 × HLA-DQ8 (P = 0.05, HR 
= 1.727).
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Figure 1: impact of CTLA4, SH2B3, and CLEC16A on the progression from 1 to ≥2 autoAbs in first-degree relatives of T1D patients. Kaplan-Meier 
survival curves for relatives with or without genotype CTLA4 GA (a and b), SH2B3  TT (c and d) and CLEC16A AA (e and f). Strata are indicated above 
the graphs; they correspond to subpopulations of FDRs with (left panels) or without (right panels): (a and b) HLA DQ2+/DQ8+ (DQ2/DQ8+); (c and d) 
HLA-DQ8+ and no IAA as first autoAb (DQ8+ and IAA−); (e and f) IAA as first autoAb (IAA+). P values (P) of log rank tests are presented and numbers of 
individuals at risk indicated below the time-axis. For each arm the genotype and number (cases/events) are shown above the graph. 
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participants did not reach significance in Kaplan-Meier analysis 
(P = 0.169, AA vs. GG+AG, Fig. 1e and f).

To examine whether population risk of progression to-
wards the stage of asymptomatic Type 1 diabetes could be 
influenced by a combined impact of these SNPs, we assessed 
the possibility of building a multivariable Cox regression 
model, including the significant interaction effects for each 
SNP (Table 1) as well as the previously reported interaction 
between ERBB3 and female sex [10]. All these interactions 
remained independent predictors for the progression rate 
from single to multiple autoAb positivity (CLEC16A AA × 
IAA, P = 0.035 and HR = 1.871; CTLA4 GA × HLA-DQ2/
DQ8, P = 0.002 and HR = 4.869; SH2B3 TT × HLA-DQ8, 
P = 0.045 and HR = 0.302; ERBB3 GG × female, P = 
0.021 and HR = 0.334), except for SH2B3 × IAA (Table 
2). Again, the high-risk haplotype HLA-DQ2/DQ8 was no 
longer an independent predictor in this combined model 
(P = 0.473, Table 2). Without considering interactions be-
tween non-HLA SNPs and previously confirmed predictors 
of autoimmune progression, the Cox model identified age 
at first autoAb positivity, absence of HLA-A*24, and pres-
ence of HLA-DQ2/DQ8 as significant risk factors, yielding 
an AIC value of 692.8 (Table 2); stepwise addition of the 
abovementioned SNP-based interactions into the model pro-
gressively decreased the corresponding AIC values to 648.1 
(Table 2); this decrease in AIC by >40 points suggested 
model improvement [24].

Progression from multiple autoAb positivity 
towards clinical onset
At the stage of multiple (≥2) autoAb positivity (Supplementary 
Table 3), positivity for IA-2A and/or ZnT8A (P < 0.001), 
presence of HLA-A*24 (P = 0.019), and younger age (P = 
0.045), were all associated with accelerated progression to-
wards clinical onset in univariate Cox regression analysis, 
while being offspring of a diabetic mother was found to 
confer protection (P = 0.014), in line with previous reports 
[12, 13, 25, 26]. None of the tested SNPs individually affected 
progression towards diagnosis (Supplementary Table 3). In 
multivariate Cox regression, CTLA4 GA emerged as an in-
dependent predictor of accelerated progression in this disease 
stage (P = 0.034, HR = 1.444, Table 3), while INS, SH2B3, 
PTPN2, PTPN22, CLEC16A, and IL2RA showed no effect, 
either alone or in interaction with aforementioned main vari-
ables. The interaction between the CTLA4 GA genotype and 
HLA-DQ2/DQ8 was no longer significant at this stage (data 
not shown) and the suggested association of the CTLA4 GA 
genotype with a faster progression rate to clinical onset in 
Cox regression analysis could not be confirmed in Kaplan-
Meier survival (P = 0.144, Fig. 2).

Discussion
In our Belgian cohort of FDRs at risk, polymorphisms at the 
non-HLA loci INS, CTLA4, SH2B3, CLEC16A, PTPN2, 

Table 2: Cox regression analysis of the progression from 1 to ≥2 autoAb including all interaction effects identified so far between non-HLA SNPs and 
main predictive variables in the FDRs cohort: ERBB3 GG × female sex (10), CLEC16A AA × IAA, CTLA4 GA × HLA-DQ2/DQ8, SH2B3  TT × HLA-DQ8, 
SH2B3  TT × IAA

Variable P HR (95% CI) Step AIC 

Age first autoAb+ <0.001 0.910 [0.878−0.944] 1 692.8
Non-(HLA-A*24) (0/1a) 0.031 2.275 [1.080−4.792] 1 692.8
HLA-DQ2/DQ8 (0/1a) 0.473 1 692.8
HLA-DQ8 (0/1a) NM
CTLA4 GA × HLA-DQ2/DQ8 0.006 4.226 [1.526−11.706] 2 660.0
CLEC16A AA × IAA 0.030 1.904 [1.064−3.410] 3 657.0
ERBB3 GG × sex (0/1b) 0.021 0.334 [0.132−0.848] 4 652.9
SH2B3 TT × HLA-DQ8 0.045 0.275 [0.085−0.889] 5 648.1
SH2B3 TT × IAA NM

a0/1: no/yes.
b0/1: male/female.
NM, not retained in model. P values, hazard ratio’s (HR) and 95% confidence intervals are presented for each variable and interaction effect, as well as 
model AIC values at the indicated step in the model construction by conditional forward approach.

Table 3: CTLA4 in Cox regression analysis of the progression from multiple autoAb positivity to clinical onset in FDRs

Variable P HR (95% CI) 

Age multiple autoAb+ 0.015 0.971 [0.949−0.994]
IA-2A and/or ZnT8Aa (0/1b) <0.0001 2.499 [1.734−3.602]
HLA-A*24 (0/1b) 0.001 1.969 [1.308−2.962]
No diabetic mother (0/1b) 0.032 1.852 [1.054−3.252]
CTLA4 GA (0/1b) 0.034 1.444 [1.029−2.026]

aHigh risk autoAb profile.
b0/1: no/yes. P values, hazard ratio’s (HR) and 95% confidence intervals are presented. For INS (rs689 and rs1004446), SH2B3, PTPN2, PTPN22, 
CLEC16A, and IL2RA no significant effects or interaction effects were retained.
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PTPN22, and IL2RA did not impact the progression of 
asymptomatic islet autoimmunity when considered in iso-
lation, but our multivariate analysis unveiled that CTLA4, 
SH2B2, and CLEC16A could exert distinct effects in a sub-
group-, stage- and SNP-specific way through interaction with 
established risk factors of disease progression. Thus, for 3 
out of 7 non-HLA loci investigated we found evidence that 
polymorphisms are associated with progression of islet auto-
immunity.

Our most important observation was the striking acceler-
ation of progression from single to multiple autoAb positivity 
due to the interaction effect between HLA-DQ2/DQ8 and the 
heterozygous CTLA4 (rs3087243 or CT60) GA genotype, 
which even overruled the effect of HLA-DQ2/DQ8 alone. 
Furthermore, CTLA4 GA was a minor independent risk 
factor for progression towards clinical diabetes at the stage 
of multiple autoantibodies. To our knowledge, these effects 
have not been reported before in other longitudinal studies 
[6, 8, 9, 21]. This may relate to our approach consisting of 
looking for interactions with established risk factors at dis-
tinct disease stages, or to differences between various cohorts 
in terms of age range of participants, family history of Type 
1 diabetes, preselection based on HLA-DQ/DR-inferred risk, 
and prevalence of risk alleles in the background population 
[6, 7, 9]. If confirmed in other populations, the strong inter-
action between the HLA-DQ2/DQ8 and CTLA4 GA geno-
types, occurring in about 50% of the HLA-DQ2/DQ8 cases, 
may impact risk assessment in autoAb+ individuals and in-
clusion criteria for participation in future prevention trials, 
especially at the stage of antigen spreading. Our finding 
also warrants further investigation into the mechanisms 
underlying disease progression at the molecular and cellular 
level. CTLA4 has been reported to be associated with Type 
1 diabetes in general [27, 28], and in a subset of patients 
with autoimmune thyroid disease [29, 30]. Interestingly, the 
TEDDY Study Group reported that gestational respiratory in-
fections interacted with offspring HLA and CTLA4 to modify 
the nature of the first appearing beta cell autoAb specificity, 
with a consistent protective influence on the development 

of IAA among children with specific CTLA4 Ala17 geno-
types [31]. The gene product of CTLA4 acts as a negative 
regulator for T-cell proliferation [32, 33]. Its activity may be 
modulated by soluble CTLA4, an isoform lacking the exon 
encoding the transmembrane region, whose expression level 
appears to correlate with CTLA4 CT60 [34]. Additionally, 
heterozygous germline CTLA4 mutations have been linked to 
immune response overactivation [35]. Furthermore, CTLA4 
is a target gene in cancer therapy, with immune checkpoint 
blockade-induced diabetes as a common side effect, often in 
patients with HLA-DQ risk haplotypes [36, 37]. Apart from 
Type 1 diabetes, CTLA4 gene polymorphisms have been 
shown to be associated with other autoimmune diseases [33, 
38–42], with notable parallelisms regarding their impact on 
other endocrinopathies. For instance, an interaction between 
CTLA4 polymorphism (Ala17) and HLA-DQ has been re-
ported in Addison’s disease [43]. Moreover, in an Italian 
population, CTLA4 CT60 (rs3087243) polymorphism was 
found to be associated with Addison’s disease, only in hetero-
zygous (A/G) individuals [44].

For SH2B3, epitope spreading was accelerated in IAA 
positive FDRs. However, an even more pronounced inter-
action with HLA-DQ8 was observed, resulting in a de-
layed disease progression in individuals positive for both 
HLA-DQ8 and the SH2B3 TT genotype. The protein SH2B3 
acts as a negative regulator of cytokine signaling and is ne-
cessary for lymphoid hematopoiesis [45]. SH2B3 genotypes 
have been linked to activation levels of the NOD2 pathway 
[46], a pathway known to induce proinflammatory response 
and impaired insulin signaling, and to be upregulated in kid-
neys of diabetes patients [47]. The TEDDY study reported 
the risk allele SH2B3 T to be linked with initial autoanti-
body development [8, 9]. However, other large studies did 
not observe significant associations with preclinical diabetes 
progression [6]. As far as we know, no primary autoantigen- 
or HLA genotype-dependent association has been reported 
before for this SNP.

Our results also suggest that the CLEC16A AA risk geno-
type selectively increases epitope spreading in IAA positive 
FDRs. This gene is involved in mitophagy, and mutations 
can cause impaired glucose-stimulated insulin release [48]. 
Additionally, the studied SNP within CLEC16A appears to 
affect thymus-specific splice regulation [49]. With regards to 
diabetes disease progression, Krischer et al. [9] reported an 
association between CLEC16A with the appearance of any 
islet autoimmunity, but not Type 1 diabetes, within 6 years 
of age, while Lempainen et al. [6] reported no significant as-
sociations for this SNP in their cohort followed for a median 
time of 11 years.

At variance with other time-to-event studies, we did not 
find any significant association between disease progres-
sion and polymorphisms at IL2RA, PTPN22, PTPN2, and 
INS (rs1004446), neither when studied alone nor via inter-
actions [6–9]. We only noted a borderline significant inter-
action between INS rs689 and DQ8. Possible explanations 
for these conflicting results include our different study de-
sign (not pre-selecting for HLA-DQ risk haplotypes, and 
studying relatives instead of the general population), or the 
fact that SNP allelic distributions often vary based on geo-
graphic and demographic factors. Additionally, our study 
population contains subjects of relatively older age com-
pared with other large studies in this field. Although this 
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may complicate comparisons, it also provides a unique in-
sight in the less studied disease progression in adults and 
may thus be considered as a strength of our study. Other 
strengths include the long-term recruitment and follow-up 
of FDRs of diagnosed Type 1 diabetes patients and the 
low amount of missing data (Supplementary Table 1). 
The underrepresentation of young children may consti-
tute a limitation. Also, for many subjects the exact time 
of seroconversion is unknown, as they were already single 
or multiple autoAb positive at study entry. However, pre-
vious studies by our group have shown that omitting these 
subjects from the analysis did not significantly impact its 
conclusions [50].

Interestingly, almost all the interactions mentioned above 
remain independent predictors of initial autoAb development 
rate when combined into one all-encompassing multiple re-
gression model, except for the increased risk of SH2B3 geno-
type in IAA positive FDRs. Once again, the interaction effect 
of CTLA4 GA and HLA-DQ2/DQ8 overruled the effect of 
HLA-DQ2/DQ8 alone. None of the SNPs showed an inter-
action effect with the non-A*24 variable in the progression 
from one to multiple autoAbs, therefore, there is no indica-
tion that being negative for A*24 does affect the outcome of 
the SNP on the progression of autoimmunity. On the other 
hand, being positive for A*24 independently slows the pro-
gression from one to multiple autoAbs in our cohort regard-
less of the unveiled SNP interactions (Table 1, and [12]). This 
is in line with a previous report showing attenuated humoral 
responses in HLA-A*24 positive individuals at risk [51]. 
After addition of the SNP interaction effects (steps 2–5 in 
Table 2) to the previous predictive model (step 1 in Table 2) 
the AIC values decreased from 692.8 to 648.1, which makes 
our previous model rather less likely to contain the same 
amount of information [24] than the new model including 
interactions. This suggests that the non-HLA polymorphisms 
can indeed enhance our predictive models in a subgroup- and 
stage-specific way.

To conclude, our observations on non-HLA genes could 
provide additional tools to differentiate between rapid and 
slow progressors in the different stages of preclinical dia-
betes. They also emphasize the importance of stratification 
when analyzing time-to-event data or when preparing pre-
vention trials, as non-HLA SNPs could induce significant ef-
fects in very specific subgroups. When assessing the risk of 
non-HLA polymorphisms in future studies, e.g. by composing 
risk scores for predicting preclinical progression rate, we 
thus suggest a stratified approach according to these specific 
subgroups, in contrast to a generalized approach where sus-
ceptibility genotypes are equally weighted in an entire study 
population. Of course, our findings now require confirmation 
in an independent cohort, but we hope that they can eventu-
ally contribute to the improvement of our understanding of 
the elusive hidden disease phase.
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Supplementary data is available at Clinical and Experimental 
Immunology online.

Acknowledgements
We thank Erik Quartier, Mays Al-Hachami, and Soukaina 
Ben Tato (VUB, Brussel, Belgium) for experimental assist-

ance. The authors sincerely thank all BDR members who have  
contributed to the recruitment of relatives for this study. They 
are listed in Supplementary Appendix.

Ethical approval
This study was ethically approved under nr. 
BUN143201939922 by the institutional review board of 
Universitair Ziekenhuis Brussel (IRB UZB).

Conflict of interest
The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Funding
The study was supported by Grant WFWG18-18 of the 
“Wetenschappelijk Fonds Willy Gepts” of the University 
Hospital Brussels (UZ Brussel), and the Vrije Universiteit 
Brussel (Strategic Research Programmes [SRP] Growth 43 
and SRP Spearhead 55).

Data availability
The datasets generated and/or analyzed during the present 
study are not openly available as they were derived from 
pseudonymized data and samples collected by the Belgian 
Diabetes Registry, a controlled access repository of sensitive 
human data. They can be made available upon reasonable re-
quest to coauthor Prof. Dr Bart Keymeulen, president of the 
Belgian Diabetes Registry.

Author contributions
J.V., M.V.D.C., and F.K.G. contributed to the study design, 
data acquisition, analysis and interpretation of data, and 
drafting of the article. B.J.V.D.A., A.K.D. contributed to data 
acquisition. S.T., P.G., C.D.B., and B.K. contributed to the 
study design. All the authors critically revised the manuscript 
and approved the version to be published. M.V.D.C. is the 
guarantor of this work and, as such, had full access to all the 
data in the study and takes responsibility for the integrity of 
the data and the accuracy of the data analysis.

References
1. Todd JA. Etiology of type 1 diabetes. Immunity 2010, 32, 457–67. 

doi:10.1016/j.immuni.2010.04.001
2. Consortium WTCC. Genome-wide association study of 14,000 

cases of seven common diseases and 3,000 shared controls. Nature 
2007, 447, 661. doi:10.1038/nature05911

3. Pociot F, Akolkar B, Concannon P, Erlich HA, Julier C, Morahan G, 
et al. Genetics of type 1 diabetes: what’s next? Diabetes 2010, 59, 
1561–71. doi:10.2337/db10-0076

4. Cooper JD, Smyth DJ, Smiles AM, Plagnol V, Walker NM, Allen 
JE, et al. Meta-analysis of genome-wide association study data 
identifies additional type 1 diabetes risk loci. Nat Genet 2008, 40, 
1399–401. doi:10.1038/ng.249

5. Barrett JC, Clayton DG, Concannon P, Akolkar B, Cooper JD, 
Erlich HA, et al. Genome-wide association study and meta-analysis 
find that over 40 loci affect risk of type 1 diabetes. Nat Genet 2009, 
41, 703–7. doi:10.1038/ng.381

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/article/211/3/224/6979727 by U

LB user on 07 April 2024

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad002#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad002#supplementary-data
https://doi.org/10.1016/j.immuni.2010.04.001
https://doi.org/10.1038/nature05911
https://doi.org/10.2337/db10-0076
https://doi.org/10.1038/ng.249
https://doi.org/10.1038/ng.381


Clinical and Experimental Immunology, 2023, Vol. 211, No. 3 231

6. Lempainen J, Laine AP, Hammais A, Toppari J, Simell O, Veijola 
R, et al. Non-HLA gene effects on the disease process of type 1 
diabetes: from HLA susceptibility to overt disease. J Autoimmun 
2015, 61, 45–53. doi:10.1016/j.jaut.2015.05.005

7. Steck AK, Wong R, Wagner B, Johnson K, Liu E, Romanos J, et al. 
Effects of non-HLA gene polymorphisms on development of islet 
autoimmunity and type 1 diabetes in a population with high-risk 
HLA-DR, DQ genotypes. Diabetes 2012, 61, 753–8. doi:10.2337/
db11-1228

8. Törn C, Hadley D, Lee H-S, Hagopian W, Lernmark A, Simell O, 
et al. Role of type 1 diabetes–associated SNPs on risk of autoanti-
body positivity in the TEDDY study. Diabetes 2015, 64, 1818–29. 
doi:10.2337/db14-1497

9. Krischer JP, Lynch KF, Lernmark A, Hagopian WA, Rewers MJ, She 
J-X, et al. Genetic and environmental interactions modify the risk 
of diabetes-related autoimmunity by 6 years of age: the TEDDY 
study. Diabetes Care 2017, 40, 1194–202. doi:10.2337/dc17-0238

10. Vandewalle J, Van der Auwera BJ, Amin H, Quartier E, Desouter 
AK, Tenoutasse S, et al. Genetic variation at ERBB3/IKZF4 and 
sexual dimorphism in epitope spreading in single autoantibody-
positive relatives. Diabetologia 2021, 64, 2511–6. doi:10.1007/
s00125-021-05546-9

11. Laine A-P, Valta M, Toppari J, Knip M, Veijola R, Ilonen J, et al. 
Non-HLA gene polymorphisms in the pathogenesis of type 1 di-
abetes: phase and endotype specific effects. Front Immunol 2022, 
13, 3009. doi:10.3389/fimmu.2022.909020

12. Balke EM, Balti EV, Van der Auwera B, Weets I, Costa O, Demeester 
S, et al. Accelerated progression to type 1 diabetes in the presence of 
HLA-A*24 and -B*18 is restricted to multiple islet autoantibody-
positive individuals with distinct HLA-DQ and autoantibody risk 
profiles. Diabetes Care 2018, 41, 1076–83. doi:10.2337/dc17-
2462

13. Gorus FK, Balti EV, Messaaoui A, Demeester S, Van Dalem A, 
Costa O, et al. Twenty-year progression rate to clinical onset ac-
cording to autoantibody profile, age, and HLA-DQ genotype in 
a registry-based group of children and adults with a first-degree 
relative with type 1 diabetes. Diabetes Care 2017, 40, 1065–72. 
doi:10.2337/dc16-2228

14. Ilonen J, Lempainen J, Hammais A, Laine A-P, Härkönen T, Toppari 
J, et al. Primary islet autoantibody at initial seroconversion and 
autoantibodies at diagnosis of type 1 diabetes as markers of disease 
heterogeneity. Pediatr Diabetes 2018, 19, 284–92. doi:10.1111/
pedi.12545

15. Achenbach P, Warncke K, Reiter J, Williams AJK, Ziegler AG, 
Bingley PJ, et al. Type 1 diabetes risk assessment: improvement 
by follow-up measurements in young islet autoantibody-positive 
relatives. Diabetologia 2006, 49, 2969–76. doi:10.1007/s00125-
006-0451-9

16. Ziegler AG, Rewers M, Simell O, Simell T, Lempainen J, Steck A, 
et al. Seroconversion to multiple islet autoantibodies and risk of 
progression to diabetes in children. JAMA 2013, 309, 2473–9. 
doi:10.1001/jama.2013.6285

17. Insel RA, Dunne JL, Atkinson MA, Chiang JL, Dabelea D, Gottlieb 
PA, et al. Staging presymptomatic type 1 diabetes: a scientific state-
ment of JDRF, the Endocrine Society, and the American Diabetes 
Association. Diabetes Care 2015, 38, 1964–74. doi:10.2337/dc15-
1419

18. Maziarz M, Hagopian W, Palmer J, Sanjeevi CB, Kockum I, 
Breslow N, et al. Non-HLA type 1 diabetes genes modulate dis-
ease risk together with HLA-DQ and islet autoantibodies. Genes 
Immun 2015, 16, 541–51. doi:10.1038/gene.2015.43

19. Bjørnvold M, Undlien D, Joner G, Dahl-Jørgensen K, Njølstad PR, 
Akselsen HE, et al. Joint effects of HLA, INS, PTPN22 and CTLA4 
genes on the risk of type 1 diabetes. Diabetologia 2008, 51, 589–
96. doi:10.1007/s00125-008-0932-0

20. Onuma H, Kawamura R, Tabara Y, Yamashita M, Ohashi J, Kawa-
saki E, et al. Variants in the BACH2 and CLEC16A gene might be 
associated with susceptibility to insulin-triggered type 1 diabetes. J 
Diabetes Investig 2019, 10, 1447–53. doi:10.1111/jdi.13057

21. Sun C, Wei H, Chen X, Zhao Z, Du H, Song W, et al. 
ERBB3-rs2292239 as primary type 1 diabetes association locus 
among non-HLA genes in Chinese. Meta Gene 2016, 9, 120–3. 
doi:10.1016/j.mgene.2016.05.003

22. World Medical Association. Declaration of Helsinki. 2013. https://
www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-
principles-for-medical-research-involving-human-subjects (3 June 
2022, date last accessed). 

23. Akaike H. A new look at the statistical model identification. 
IEEE Trans Autom Control 1974, 19, 716–23. doi:10.1109/
tac.1974.1100705

24. Burnham KP, Anderson DR. Basic Use of the Information-Theoretic 
Approach, p. 98-148, In: Model Selection and Multimodel Infer-
ence, 2nd edn. Springer, 2002. doi:10.1007/b97636

25. Krischer JP, Liu X, Lernmark A, Hagopian WA, Rewers MJ, She 
J-X, et al. The influence of type 1 diabetes genetic susceptibility re-
gions, age, sex, and family history on the progression from multiple 
autoantibodies to type 1 diabetes: a TEDDY study report. Diabetes 
2017, 66, 3122–9. doi:10.2337/db17-0261

26. Koczwara K, Bonifacio E, Ziegler A-G. Transmission of maternal 
islet antibodies and risk of autoimmune diabetes in offspring of 
mothers with type 1 diabetes. Diabetes 2004, 53, 1–4. doi:10.2337/
diabetes.53.1.1

27. Nisticò L, Buzzetti R, Pritchard LE, Van der Auwera B, Giovannini 
C, Bosi E, et al. The CTLA-4 gene region of chromosome 2q33 is 
linked to, and associated with, type 1 diabetes. Hum Mol Genet 
1996, 5, 1075–80. doi:10.1093/hmg/5.7.1075

28. Van der Auwera BJ, Schuit FV, Winnock F, Schuit FC, Winnock 
F, De Leeuw IH, Van Imschoot S, et al. CTLA-4 gene polymor-
phism confers susceptibility to insulin-dependent diabetes mel-
litus (IDDM) independently from age and from other genetic or 
immune disease markers. Clin Exp Immunol 1997, 110, 98–103. 
doi:10.1046/j.1365-2249.1997.5121410.x

29. Ikegami H, Awata T, Kawasaki E, Kobayashi T, Maruyama T, 
Nakanishi K, et al. The association of CTLA4 polymorphism with 
type 1 diabetes is concentrated in patients complicated with auto-
immune thyroid disease: a multicenter collaborative study in Japan. 
J Clin Endocrinol Metab 2006, 91, 1087–92. doi:10.1210/jc.2005-
1407

30. Howson JM, Dunger DB, Nutland S, Stevens H, Wicker LS, Todd 
JA. A type 1 diabetes subgroup with a female bias is characterised by 
failure in tolerance to thyroid peroxidase at an early age and a strong 
association with the cytotoxic T-lymphocyte-associated antigen-4 
gene. Diabetologia 2007, 50, 741–6. doi:10.1007/s00125-007-0603-6

31. Lynch KF, Lee H-S, Törn C, Vehik K, Krischer JP, Larsson HE, et al. 
Gestational respiratory infections interacting with offspring HLA 
and CTLA-4 modifies incident β-cell autoantibodies. J Autoimmun 
2018, 86, 93–103. doi:10.1016/j.jaut.2017.09.005

32. Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, 
Schmidt EM, et al. Trans-endocytosis of CD80 and CD86: a molec-
ular basis for the cell-extrinsic function of CTLA-4. Science 2011, 
332, 600–3. doi:10.1126/science.1202947

33. Vaidya B, Pearce S. The emerging role of the CTLA-4 gene in au-
toimmune endocrinopathies. Eur J Endocrinol 2004, 150, 619–26. 
doi:10.1530/eje.0.1500619

34. AlFadhli S. Overexpression and secretion of the soluble CTLA-4 
splice variant in various autoimmune diseases and in cases with 
overlapping autoimmunity. Genet Test Mol Biomarkers 2013, 17, 
336–41. doi:10.1089/gtmb.2012.0391

35. Kuehn HS, Ouyang W, Lo B, Deenick EK, Niemela JE, Avery DT, 
et al. Immune dysregulation in human subjects with heterozy-
gous germline mutations in CTLA4. Science 2014, 345, 1623–7. 
doi:10.1126/science.1255904

36. de Filette JM, Pen JJ, Decoster L, Vissers T, Bravenboer B, Van der 
Auwera BJ, et al. Immune checkpoint inhibitors and type 1 diabetes 
mellitus: a case report and systematic review. Eur J Endocrinol 
2019, 181, 363–74. doi:10.1530/EJE-19-0291

37. Clotman K, Janssens K, Specenier P, Weets I, De Block CEM. Pro-
grammed cell death-1 inhibitor–induced type 1 diabetes mellitus. J 

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/article/211/3/224/6979727 by U

LB user on 07 April 2024

https://doi.org/10.1016/j.jaut.2015.05.005
https://doi.org/10.2337/db11-1228
https://doi.org/10.2337/db11-1228
https://doi.org/10.2337/db14-1497
https://doi.org/10.2337/dc17-0238
https://doi.org/10.1007/s00125-021-05546-9
https://doi.org/10.1007/s00125-021-05546-9
https://doi.org/10.3389/fimmu.2022.909020
https://doi.org/10.2337/dc17-2462
https://doi.org/10.2337/dc17-2462
https://doi.org/10.2337/dc16-2228
https://doi.org/10.1111/pedi.12545
https://doi.org/10.1111/pedi.12545
https://doi.org/10.1007/s00125-006-0451-9
https://doi.org/10.1007/s00125-006-0451-9
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.2337/dc15-1419
https://doi.org/10.2337/dc15-1419
https://doi.org/10.1038/gene.2015.43
https://doi.org/10.1007/s00125-008-0932-0
https://doi.org/10.1111/jdi.13057
https://doi.org/10.1016/j.mgene.2016.05.003
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects
https://doi.org/10.1109/tac.1974.1100705
https://doi.org/10.1109/tac.1974.1100705
https://doi.org/10.1007/b97636
https://doi.org/10.2337/db17-0261
https://doi.org/10.2337/diabetes.53.1.1
https://doi.org/10.2337/diabetes.53.1.1
https://doi.org/10.1093/hmg/5.7.1075
https://doi.org/10.1046/j.1365-2249.1997.5121410.x
https://doi.org/10.1210/jc.2005-1407
https://doi.org/10.1210/jc.2005-1407
https://doi.org/10.1007/s00125-007-0603-6
https://doi.org/10.1016/j.jaut.2017.09.005
https://doi.org/10.1126/science.1202947
https://doi.org/10.1530/eje.0.1500619
https://doi.org/10.1089/gtmb.2012.0391
https://doi.org/10.1126/science.1255904
https://doi.org/10.1530/EJE-19-0291


232 Vandewalle et al.

Clin Endocrinol Metab 2018, 103, 3144–54. doi:10.1210/jc.2018-
00728

38. Kotsa K, Watson P, Weetman A. A CTLA-4 gene polymorphism is 
associated with both Graves’ disease and autoimmune hypothy-
roidism. Clin Endocrinol 1997, 46, 551–4. doi:10.1046/j.1365-
2265.1997.1710996.x

39. Kemp E, Ajjan R, Husebye E, Peterson P, Uibo R, Imrie H, et al. 
A cytotoxic T lymphocyte antigen-4 (CTLA-4) gene polymor-
phism is associated with autoimmune Addison’s disease in English 
patients. Clin Endocrinol 1998, 49, 609–13. doi:10.1046/j.1365-
2265.1998.00579.x

40. Ueda H, Howson JM, Esposito L, Heward J, Snook H, Chamber-
lain G, et al. Association of the T-cell regulatory gene CTLA4 with 
susceptibility to autoimmune disease. Nature 2003, 423, 506–11. 
doi:10.1038/nature01621

41. Chistiakov D, Turakulov R. CTLA-4 and its role in autoimmune 
thyroid disease. J Mol Endocrinol 2003, 31, 21–36. doi:10.1677/
jme.0.0310021

42. Donner H, Rau H, Walfish PG, Braun J, Siegmund T, Finke R, et al. 
CTLA4 alanine-17 confers genetic susceptibility to Graves’ disease 
and to type 1 diabetes mellitus. J Clin Endocrinol Metab 1997, 82, 
143–6. doi:10.1210/jcem.82.1.3699

43. Donner H, Braun J, Seidl C, Rau H, Finke R, Ventz M, et al. Codon 
17 polymorphism of the cytotoxic T lymphocyte antigen 4 gene in 
Hashimoto’s thyroiditis and Addison’s disease. J Clin Endocrinol 
Metab 1997, 82, 4130–2. doi:10.1210/jcem.82.12.4406

44. Brozzetti A, Marzotti S, Tortoioli C, Bini V, Giordano R, Dotta F, et 
al. Cytotoxic T lymphocyte antigen-4 Ala17 polymorphism is a ge-
netic marker of autoimmune adrenal insufficiency: Italian associa-
tion study and meta-analysis of European studies. Eur J Endocrinol 
2010, 162, 361–9. doi:10.1530/eje-09-0618

45. Mori T, Iwasaki Y, Seki Y, Iseki M, Katayama H, Yamamoto K, et 
al. Lnk/Sh2b3 controls the production and function of dendritic 
cells and regulates the induction of IFN-γ–producing T cells. J 
Immunol 2014, 193, 1728–36. doi:10.4049/jimmunol.1303243

46. Zhernakova A, Elbers CC, Ferwerda B, Romanos J, Trynka G, 
Dubois PC, et al. Evolutionary and functional analysis of ce-
liac risk loci reveals SH2B3 as a protective factor against bacte-
rial infection. Am J Hum Genet 2010, 86, 970–7. doi:10.1016/j.
ajhg.2010.05.004

47. Du P, Fan B, Han H, Zhen J, Shang J, Wang X, et al. NOD2 
promotes renal injury by exacerbating inflammation and podocyte 
insulin resistance in diabetic nephropathy. Kidney Int 2013, 84, 
265–76. doi:10.1038/ki.2013.113

48. Soleimanpour SA, Gupta A, Bakay M, Ferrari AM, Groff 
DN, Fadista J, et al. The diabetes susceptibility gene Clec16a 
regulates mitophagy. Cell 2014, 157, 1577–90. doi:10.1016/j.
cell.2014.05.016

49. Mero I, Ban M, Lorentzen AR, Smestad C, Celius EG, Sæther H, et 
al. Exploring the CLEC16A gene reveals a MS-associated variant 
with correlation to the relative expression of CLEC16A isoforms in 
thymus. Genes Immun 2011, 12, 191–8. doi:10.1038/gene.2010.59

50. Vermeulen I, Weets I, Costa O, Asanghanwa M, Verhaeghen K, 
Decochez K, et al. An important minority of prediabetic first-de-
gree relatives of type 1 diabetic patients derives from serocon-
version to persistent autoantibody positivity after 10 years of 
age. Diabetologia 2012, 55, 413–20. doi:10.1007/s00125-011-
2376-1

51. Ye J, Long AE, Pearson JA, Taylor H, Bingley PJ, Williams AJK, 
et al. Attenuated humoral responses in HLA-A*24-positive 
individuals at risk of type 1 diabetes. Diabetologia 2015, 58, 2284–
7. doi:10.1007/s00125-015-3702-9

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/article/211/3/224/6979727 by U

LB user on 07 April 2024

https://doi.org/10.1210/jc.2018-00728
https://doi.org/10.1210/jc.2018-00728
https://doi.org/10.1046/j.1365-2265.1997.1710996.x
https://doi.org/10.1046/j.1365-2265.1997.1710996.x
https://doi.org/10.1046/j.1365-2265.1998.00579.x
https://doi.org/10.1046/j.1365-2265.1998.00579.x
https://doi.org/10.1038/nature01621
https://doi.org/10.1677/jme.0.0310021
https://doi.org/10.1677/jme.0.0310021
https://doi.org/10.1210/jcem.82.1.3699
https://doi.org/10.1210/jcem.82.12.4406
https://doi.org/10.1530/eje-09-0618
https://doi.org/10.4049/jimmunol.1303243
https://doi.org/10.1016/j.ajhg.2010.05.004
https://doi.org/10.1016/j.ajhg.2010.05.004
https://doi.org/10.1038/ki.2013.113
https://doi.org/10.1016/j.cell.2014.05.016
https://doi.org/10.1016/j.cell.2014.05.016
https://doi.org/10.1038/gene.2010.59
https://doi.org/10.1007/s00125-011-2376-1
https://doi.org/10.1007/s00125-011-2376-1
https://doi.org/10.1007/s00125-015-3702-9

