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Abstract 

We report the largest and most ancestrally diverse genetic study of type 1 diabetes (T1D) to date 

(61,427 participants), yielding 152 regions associated to false discovery rate < 0.01, including 36 

regions associated to genome-wide significance for the first time. Credible sets of disease-

associated variants are specifically enriched in immune cell accessible chromatin, particularly in 

CD4+ effector T cells. Colocalization with chromatin accessibility quantitative trait loci (QTL) in 

CD4+ T cells identified five regions where differences in T1D risk and chromatin accessibility 

are potentially driven by the same causal variant. Allele-specific chromatin accessibility further 

refined the set of putative causal variants with functional relevance in CD4+ T cells and 

integration of whole blood expression QTLs identified candidate T1D genes, providing high-

yield targets for mechanistic follow-up. We highlight rs72938038 in BACH2 as a candidate 

causal T1D variant, where the T1D risk allele leads to decreased enhancer accessibility and 

BACH2 expression in T cells. Finally, we prioritise potential drug targets by integrating genetic 

evidence, functional genomic maps, and immune protein-protein interactions, identifying 12 

genes implicated in T1D that have been targeted in clinical trials for autoimmune diseases. These 

findings provide an expanded genomic landscape for T1D, including proposed genetic regulatory 

mechanisms of T1D-associated variants and genetic support for therapeutic targets for immune 

intervention. 

 

Main 

Type 1 diabetes (T1D) is characterized by an autoimmune attack that destroys the insulin-

producing pancreatic b cells and is driven by diverse genetic 1–6 and environmental 7 factors. 
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Approximately 50 chromosome regions are known to contain variants that alter T1D risk 1–6, 

substantially fewer than other common diseases. Less is known about the contribution of T1D 

risk alleles in non-European populations, despite recent increases in T1D diagnoses in multiple 

non-European ancestry groups 8. To address these gaps in T1D genetics, we doubled the sample 

size from the previous largest T1D association study, genotyped ancestrally diverse T1D cases, 

controls, and affected families with the Illumina ImmunoChip3 array, and imputed additional 

variants using a large haplotype reference panel 9. 

 

Genetic screening and autoantibody surveillance can detect islet autoimmunity before overt 

progression to diabetes 10,11,12, providing an opportunity for prevention in T1D. However, there 

are currently no interventions that prevent T1D. With the understanding that T1D is an immune-

mediated disease, multiple immune therapies have been explored in clinical trials, with some 

altering disease course 13. In a recent clinical trial, a 14-day course of teplizumab, an anti-CD3 

monoclonal antibody, was shown to delay T1D diagnosis in high-risk individuals by a median of 

two years 14. This success provides evidence that appropriately-timed immune-modulating 

therapy can alter the autoimmune process preceding clinical disease. More precise targets and 

better characterization of their role in disease initiation and progression will provide 

opportunities for safe and effective intervention and, ultimately, prevention of T1D. Drug targets 

based on genetic evidence are more likely to succeed in clinical trials 15,16. Thus, carefully 

defining the genetic factors contributing to T1D risk and how they disrupt immune pathways in 

affected individuals can help guide development and repurposing of immune-modulating 

therapies for T1D prevention.  
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Fine-mapping genetic regions is an important step towards understanding the mechanism of a 

genetic association, since it clarifies the number of independent disease associations in each 

region and identifies the most likely causal variants, or ‘credible variants’, for each association. 

Differences in linkage disequilibrium (LD) structure between ancestry groups can be 

advantageous in prioritising causal variants, since only a portion of a large haplotype in one 

ancestry group might be associated with disease in a different ancestry group. We showed 

previously that T1D credible variants are most strongly enriched in lymphocyte and thymic 

enhancers 3. Integration of fine-mapped T1D risk variants and cell type-specific expression and 

chromatin accessibility quantitative trait loci (eQTL and caQTL) data provide a means to assess 

whether the variant altering disease risk is also altering gene expression or chromatin activity, 

helping to prioritise variants and genes for interrogation of molecular mechanisms underlying 

disease association. Further integration of genes implicated by fine-mapping and molecular maps 

with immune protein networks can define a set of prioritised targets for pharmacologic 

intervention 17.  

 

Here, we define the genetic landscape of T1D and the functional impact of the variants using 

eQTL and caQTL data, highlighting a compelling hypothesis of genetic regulatory mechanism in 

the T1D locus containing the transcription factor BACH2. In addition, we highlight drugs that 

target T1D gene candidates or networks that they act within, which may impact and inform 

strategies for treatment or prevention in T1D.  

 

Results 

Thirty-six new regions at p < 5×10-8 
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After quality filtering, 61,427 participants (Supplementary Table 1) and 140,333 genotyped 

ImmunoChip variants (Online Methods) were included in analysis, providing dense coverage in 

188 autosomal regions (“ImmunoChip regions”) 18 and sparse genotyping in other regions of the 

genome (Supplementary Tables 2 and 3). Each participant was assigned to one of five ancestry 

groups using k-means clustering of ImmunoChip genotype principal components (Online 

Methods, Supplementary Figure 1) - European (EUR, N = 47,319), African-admixed (AFR, N 

= 4,290), Finnish (FIN, N = 6,991), East Asian (EAS, N = 588) and Admixed (AMR, N = 

2,239). In total, 16,159 T1D cases, 25,386 controls and 6,143 trio families (i.e., an affected child 

and both parents) were genotyped and included in association analyses (Supplementary Tables 

4 and 5). Imputation with the National Heart, Lung, and Blood Institute (NHLBI) Trans-Omics 

for Precision Medicine (TOPMed) 9 multi-ethnic reference panel was used to improve discovery 

power and fine-mapping resolution (Online Methods). After imputation, the number of variants 

in ImmunoChip regions with imputation R-squared > 0.8 and MAF > 0.005 in each ancestry 

group was 322,084 (AFR), 166,274 (EUR), 163,612 (FIN), 137,730 (EAS) and 188,550 (AMR). 

We compared imputed genotypes to whole genome sequencing data from a subset of individuals, 

with high concordance observed (Online Methods, Supplementary Note 1). 

  

Initially, we analyzed unrelated cases and controls (N = 41,545), assuming an additive 

inheritance model. With minimal evidence of artificial inflation of association statistics due to 

population structure (Supplementary Note 2), we identified 64 T1D-associated regions outside 

the major histocompatibility complex (MHC) HLA region, including 24 regions associated with 

T1D at genome-wide significance for the first time (p < 5×10-8). One of these associations was 

proximal to the gene encoding the interleukin-6 receptor (IL-6R). However, despite both variants 
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being directly genotyped, the lead variant in this region was rs2229238 (C>T, p = 3.02×10-9), not 

the nonsynonymous variant rs2228145 (A>C; IL6R Asp358Ala; p = 2.20×10-4), which is 

associated with RA 19 and previously suggested to be causal for T1D 20. Following conditional 

analysis, 78 independent associations were identified (p < 5×10-8; Supplementary Table 6). No 

genome-wide associations were identified on the X chromosome, where the most associated 

variant was rs4326559 (A>C, C allele OR = 1.09, p = 4.5×10-7). 

 

We extended the discovery analysis to incorporate T1D trio families (N = 6,143, some trio 

families were multiplex but analyzed as trios, Online Methods).  Meta-analysis of case-control 

and trio results identified 78 chromosome regions associated with T1D (p < 5×10-8), including 

42/43 chromosome regions previously identified in an ImmunoChip-based study 3 (rs4849135 

(G>T) was p = 2.93×10-7) and 36 novel regions associated with T1D at genome-wide 

significance for the first time (Table 1).

 

Table 1: Regions of association with T1D, identified to genome-wide significance (p < 5×10-8) for the first 

time. Of these 36 regions, 13 had a lead variant that was in linkage disequilibrium (r2 > 0.95 in 1000 

Genomes Project European population) with variants that are associated with at least one other related trait.  

Chr 

Position 
(bp) † 

Lead 
Variant 

rsID A1 A2 

Putative 
candidate 

gene* 

AFEUR 
(A2) OR**META PMETA 

Other related trait  
associations*** 

1 63643100 rs2269241 T C PGM1 0.196 1.111 4.67×10-12  

1 92358141 rs34090353 G C RPAP2 0.361 1.078 1.10×10-8  

1 119895261 rs2641348 A G NOTCH2 0.107 1.113 1.61×10-8 Crohn’s, T2D 

1 154465420 rs2229238 T C IL6R 0.813 0.896 1.38×10-12  

1 172746562 rs78037977 A G 
FASLG 

0.124 0.884 2.41×10-9 

Asthma, vitiligo, allergic 

sensitization 

1 192570207 rs2816313 G A RGS1 0.719 1.090 4.57×10-9  

1 212796238 rs11120029 G T TATDN3 0.147 1.102 1.82×10-8  

2 12512805 rs10169963 C T AC096559.1 0.580 1.074 2.78×10-8  
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2 100147438 rs12712067 G T AFF3 0.358 0.925 4.12×10-9  

2 191105394 rs7582694 C G 
STAT4 

0.773 0.916 2.83×10-9 

SLE, hypothyroidism, 

coeliac, RA 

2 241468331 rs10933559 A G FARP2 0.208 1.109 2.39×10-11  

4 973543 rs113881148 C A TMEM175 0.626 1.082 5.72×10-9 Body fat percentage 

4 38602849 rs337637 G A KLF3 0.364 0.919 2.57×10-10 White blood cell count 

5 40521603 rs1876142 G T PTGER4 0.658 0.905 2.18×10-14  

5 56146422 rs10213692 T C 

ANKRD55/ 
IL6ST 0.241 0.912 2.85×10-9 RA, Crohn’s, MS 

6 424915 rs9405661 C A IRF4 0.514 1.080 2.26×10-9  

6 137682468 rs12665429 T C TNFAIP3 0.370 0.907 1.36×10-13  

6 159049210 rs212408 G T TAGAP 0.638 1.112 1.42×10-15 MS, Crohn’s, eczema 

7 20557306 rs17143056 A G ABCB5 0.183 0.909 2.44×10-8  

7 28102567 rs10245867 G T 
JAZF1 

0.331 0.928 3.15×10-8 

Eczema, hay fever, MS, 

SLE, monocyte percentage 

8 11877675 rs2250903 G T CTSB 0.283 0.905 1.35×10-10  

9 99823263 rs1405209 T C NR4A3 0.375 1.075 3.45×10-8  

10 33137219 rs722988 T C NRP1 0.367 1.108 3.21×10-15  

11 35267496 rs11033048 C T SLC1A2 0.366 1.091 1.53×10-10 Vitiligo 

11 60961822 rs79538630 G T CD5/CD6 0.035 1.213 1.14×10-9  

11 61828092 rs968567 C T FADS2 0.177 0.903 8.42×10-9 RA, neutrophil percentage 

11 64367826 rs645078 A C CCDC88B 0.385 0.925 3.34×10-9  

11 128734337 rs605093 G T FLI1 0.470 1.077 4.25×10-9  

12 8942630 rs1805731 T C M6PR 0.389 1.073 4.16×10-8 Eosinophil count 

12 53077434 rs7313065 C A ITGB7 0.162 1.101 3.28×10-9  

13 42343795 rs74537115 C T AKAP11 0.141 1.109 5.41×10-9  

14 68286876 rs911263 C T RAD51B 0.710 1.083 1.69×10-8 PBC, SLE, RA 

16 20331769 rs4238595 T C UMOD 0.687 0.912 2.43×10-11  

17 45996523 rs1052553 A G MAPT 0.232 0.879 1.65×10-15 Parkinson’s disease 

17 47956725 rs2597169 A G PRR15L 0.348 1.081 3.35×10-9  

21 44204668 rs56178904 C T ICOSLG 0.187 0.898 6.48×10-11  

†genome build 38 

*Closest gene or gene with mechanistic support from the literature. 

**Additive odds ratio for the addition of an A2 allele. 

***Variant with 1000 Genomes Project European population LD r2>0.95 with lead variant associated with any trait 

potentially relevant trait (https://genetics.opentargets.org). RA= rheumatoid arthritis, T2D= type 2 diabetes, SLE= systemic 

lupus erythematosus, MS= multiple sclerosis, IBD= irritable bowel disease, PBC= primary biliary cholangitis. 

AF = Allele Frequency, OR= Odds Ratio 
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Applying Benjamini-Yekutieli FDR < 0.01 21 to assess statistical significance, 143 regions were 

associated with T1D (Supplementary Table 8; A full set of summary statistics can be found in 

Supplementary Table 9). The absolute effect sizes for FDR < 0.01 associated variants not 

reaching the threshold for genome-wide significance (p < 5×10-8) were smaller than those 

satisfying genome-wide significance and with similar MAFs (median (IQR)) OR = 1.07 (1.06, 

1.09) versus 1.11 (1.09, 1.13); median (IQR) MAF = 0.301 (0.152, 0.397) versus 0.306 (0.184, 

0.374)). These results indicate that there may be many more regions associated with T1D with 

increasingly smaller effect sizes (Supplementary Figure 4), requiring genome-wide coverage 

and larger sample sizes for detection.  

 

One exception was chromosome 1p22.1 near the Metal Response Element Binding Transcription 

Factor 2 (MTF2) gene, where the minor allele (A) at the lead variant, rs190514104 (G>A), is 

rare in most ancestry groups (< 0.1%), but more common in the AFR ancestry group (> 1%) and 

had a large effect on T1D risk (OR (95% CI) = 2.9 (1.9-4.5); p = 6.6×10-7). This example 

illustrates how focusing on previously understudied ancestry groups in future T1D studies could 

lead to more biological insight, even with limited sample sizes. 

 

Use of recessive and dominant models of inheritance identified 35 regions (25 dominant, 10 

recessive) with a better fit than the additive model (lower Akaike Information Criterion (AIC) in 

Europeans) at FDR < 0.01, including nine new regions that did not reach FDR < 0.01 under the 

additive model (Supplementary Table 7). Thus, a total of 152 regions were associated with 

T1D at FDR < 0.01, 143 under an additive model and nine under recessive or dominant models. 
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Fine-mapping reveals over one third of T1D loci contain more than one independent 

association 

To define the local architecture of T1D regions, we applied a Bayesian stochastic search method 

(GUESSFM 22) in ImmunoChip regions only (Online Methods, Supplementary Table 2), to 

identify credible variants in the European case-control data (Online Methods). Of 52 

ImmunoChip regions associated with T1D, 21 (40%) were predicted to contain more than one 

causal variant (Figure 1a), compared to nine regions with evidence of multiple association 

signals using stepwise conditional regression. Moreover, in four regions identified using a 

conventional stepwise logistic regression approach, the lead variant in the discovery analysis was 

not prioritised by fine-mapping (posterior probability < 0.5): 2q33.2 (CTLA4), 4q27 (IL2), 

14q32.2 (MEG3) and 21q22.3 (UBASH3A). In these regions, the lead variant likely tags two or 

more disease-associated haplotypes that can be identified using GUESSFM but not stepwise 

logistic regression, a phenomenon observed previously 22,23. To illustrate this, stepwise logistic 

regression analysis of the UBASH3A locus supports a single causal variant, rs11203203 (G>A) 

(Supplementary Table 6), while GUESSFM fine-mapping supports a three-variant model 

(rs9984852 (T>C), rs13048049 (G>A) and rs7276555 (T>C)), each having a much weaker 

association with T1D when examined in univariable analyses (Figure 1b). However, the 

GUESSFM three-variant model has a better fit than the single variant model, as indicated by a 

lower AIC (45073 vs. 45138, Figure 1c). Haplotype analysis (Online Methods) demonstrated 

that when the risk allele for the lead variant from discovery analysis, rs11203203 (A), is present 

without any of the three GUESSFM-prioritised variants, there is no effect on disease risk; thus, 

rs11203203 is unlikely to be casual for T1D (Figure 1d). Given the complexity of association at 

many loci, statistical methods designed to use univariable summary statistics alone may not be 
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the most effective way to explore the genetic architecture of T1D. The comprehensive list of 

credible variant sets is provided in Supplementary Table 11, and all haplotype analyses can be 

viewed at https://github.com/ccrobertson/t1d-immunochip-2020).

 

 

Figure 1: Fine-mapping T1D regions using a Bayesian stochastic search algorithm. a) Number of variants in 

GUESSFM-prioritised groups with group posterior probability > 0.5. Candidate gene names and lead variants for 

each group are shown on the y-axis. b) Manhattan plot of the UBASH3A region from the EUR case-control 

analysis, highlighting the lead variant from the univariable analysis, rs11203203 (grey) and the three variants 

prioritised using GUESSFM, rs9984852 (blue), rs13048049 (red) and rs7276555 (green). c) Comparison of model 

AIC in the UBASH3A region from a model including EUR cases and controls only, comparing combinations of 
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alleles prioritised either in a univariable (grey) or GUESSFM analyses (red, green and blue), showing the three-

variant model prioritised by GUESSFM has a lower AIC (better fit) than the single variant model from the 

univariable analysis. d) Haplotype analysis including the lead univariable variant and the three GUESSFM-

prioritised variants from the UBASH3A region; the effect estimate from the haplotype which contains the minor 

allele at rs11203203 (grey) only relative to the haplotype with major alleles at each variant is close to 0 

(comparison of columns 1 and 3), whereas the non-zero effects of each of rs729984852 (blue, columns 2 and 6), 

rs13048049 (red, column 4) and rs7276555 (green, comparing columns 3 and 5) can be observed.

 

In the 30 regions where our analysis suggested a single causal variant, multi-ethnic fine-mapping 

was performed using PAINTOR24. Eight regions showed an associated variant (p < 5×10-4) in 

more than one ancestry group: five with associations in EUR and FIN, and three with 

associations in EUR and AFR. In three chromosome regions, the number of variants prioritised 

was markedly reduced by including multiple ancestry groups: 4p15.2 (RBPJ), 6q22.32 (CENPW) 

and 18q22.2 (CD226) (Figure 2a, Supplementary Figures 6 and 7, Supplementary Table 12). 

At chromosome 4p15.2 (RBPJ), the credible set based on EUR subjects contained 24 variants, 

while using PAINTOR with EUR and AFR summary statistics, just five variants were prioritised 

with a posterior probability > 0.1 (Figure 2a). Among these prioritised variants located in the 

non-coding transcript LINC02357, two variants rs34185821 (A>G) and rs35944082 (A>G), have 

the potential to disrupt multiple transcription factor binding motifs 25; rs35944082 also overlaps 

open chromatin in multiple adaptive immune cell types (Figure 2b) and resides in a FANTOM 

enhancer site (http://slidebase.binf.ku.dk/human_enhancers). Further, rs34185821 is one of three 

prioritised variants flanking an activation-dependent ATAC-seq peak in lymphocytes and a 

stable response element in human islets 26, with potential to perturb an extended TATA box 

motif 27.
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Figure 2: Fine-mapping of the chromosome 4p15.2 region. a) European (EUR, top panel) and African (AFR, 

middle panel) ancestry group association z-score statistics; posterior probabilities (bottom panel) from multi-ethnic 

fine-mapping of EUR and AFR using PAINTOR; z-scores are colored by linkage disequilibrium (LD) to the lead 

PAINTOR-prioritised variant. b) overlay of T1D-credible variants with open chromatin ATAC-seq peaks in 

immune cells, with variants prioritised by PAINTOR (posterior probability > 0.1) highlighted in blue. Normalized 

ATAC-seq read count shown for effector CD4+ T cells, B cells, and CD8+ T cells, under stimulated and non-

stimulated conditions.

 

T1D-associated protein-altering variants  

Only 34/2732 (1.2%) credible variants (group posterior probability > 0.5) were protein-altering 

(nonsynonymous, frameshift, stop-gain, or splice-altering) with 12 having support for a role in 

T1D (Online Methods, Supplementary Table 13). Of note, we identified several previously 
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unreported protein-altering variants as highly prioritised in T1D credible sets (posterior 

probability > 0.1): a protective missense variant in UBASH3A, rs13048049 (G>A; UBASH3A 

Arg324Gln; OR = 0.84; AFEUR = 0.051); two low-frequency splice donor variants in IFIH1, 

rs35732034 (C>T; OR = 0.63; AFEUR = 0.0089) and rs35337543 (C>G; OR = 0.61; AFEUR = 

0.0099); and a missense variant in CTLA4, rs231775 (A>G; CTLA4 Thr17Ala; OR = 1.20; 

AFEUR = 0.36).  

 

T1D credible variants are over-represented in accessible chromatin in lymphocytes, NK 

and dendritic cells.  

ATAC-seq offers a high-resolution map of accessible chromatin with regulatory function 28. As a 

first step in investigating the function of T1D-associated credible variants in non-coding regions, 

we analyzed their overlap with accessible chromatin. Using both publicly available and newly 

generated chromatin accessibility (ATAC-seq) data from healthy donors 29–31, we assessed 

enrichment (Online Methods) of 2,431 T1D credible variants (group posterior probability > 0.8) 

in accessible chromatin across diverse immune and non-immune cell types (including 25 primary 

immune cell types, pancreatic islets, and, as control cell types unlikely to be central to T1D 

etiology, fetal and adult cardiac fibroblasts). T1D credible variants were enriched in open 

chromatin in the majority of the primary immune cell types tested (p < 9.1×10-4). There was no 

enrichment in pancreatic islets (p = 0.14), the primary target of autoimmunity in T1D, even after 

exposure to proinflammatory cytokines (p = 0.05), or in cardiac fibroblasts (p > 0.60) (Supplementary 

Figure 8).  
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We next examined enrichment for T1D credible variants in stimulation-responsive accessible 

chromatin in immune cells (Online Methods). Of 138,596 regions in the consensus list of ATAC-

seq peaks, Th17 cells had the highest proportion of differentially-open peaks (FDR < 0.01) after 

stimulation (15.3%), while effector-memory CD8+ T cells had the highest proportion of 

differentially-open peaks in unstimulated cells (9.8%) (Supplementary Table 14). T1D credible 

variants were enriched in differentially-open chromatin after stimulation in numerous cell types, 

with the largest enrichment in effector CD4+ T cells stimulated for 24 hours with anti-CD3/CD28 

and human IL-2 (Supplementary Figure 9). These results indicate that T1D credible variants 

may contribute to islet autoimmunity, in part, by altering responses to T cell receptor signaling. 

 

Colocalization of T1D association with QTLs in immune cells 

Chromatin accessibility profiles were generated across 115 participants (NEUR = 48, NAFR = 67) in 

primary CD4+ T cells, a cell type in which accessible chromatin is strongly enriched for T1D 

credible variants (Supplementary Figure 8). Additive effects of genotype on local chromatin 

accessibility (cis window < 1 Mb) were examined, identifying eleven “peaks” of chromatin 

accessibility significantly associated with T1D credible variants (p < 5×10-5). Colocalization was 

examined between T1D associations and caQTLs (coloc R package 32, Online Methods). Five 

regions supported a common causal variant underlying association with T1D and chromatin 

accessibility (PP.H4.abf > 0.8, Table 2). In all five regions, at least one T1D credible variant 

overlapped the caQTL-associated peak. At six of these “within-peak” credible variants that were 

directly genotyped on the ImmunoChip, we examined allele-specific accessibility among 

heterozygous participants (Online Methods). The proportion of ATAC-seq reads from 

heterozygotes containing the alternative allele was always consistent with the direction of the 
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caQTL effect (Supplementary Table 15). Within-peak credible variants with consistent caQTL 

effects and allele-specific accessibility provide high priority candidate variants for functional 

follow-up, as the observed allele-specific accessibility is unlikely to be caused by LD with 

variants outside the peak of interest. When integrated with whole blood cis-eQTLs 32,33, 

colocalization identified T1D candidate genes in four of five T1D-caQTL regions (PP.H4.abf > 

0.8, Table 2). Regions with support for a common variant underlying association with T1D, 

chromatin accessibility in CD4+ T cells, and gene expression in whole blood provide candidate 

causal T1D variants and genes for mechanistic investigation. 
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Table 2: T1D-associations colocalizing with caQTLs in CD4+ T cells. Five regions show colocalization between T1D and a caQTL with a 

colocalization posterior probability > 0.8. In all of these regions, at least one T1D credible variant overlaps the caQTL peak itself. In four regions, the 

T1D association also colocalizes with an eQTL for expression of one or more genes in whole blood. 

T1D lead variant* BetaT1D 

** 
Peak 

T1D-credible  
variants in 

peak 
caQTL lead variant* 

BetacaQTL 

** 
PcaQTL PP Whole blood cis-eQTLs *** 

rs71624119 

(chr5:56144903:G:A) 

-0.099 chr5:56147972-56149111 rs7731626 rs7731626 

(chr5:56148856:G:A) 

-0.5 2.4x10-09 0.97 ANKRD55 (z=-58; PP =0.98)  

IL6ST (z=-10; PP =0.98) 

rs72928038 

(chr6:90267049:G:A) 

 0.172 chr6:90266766-90267747 rs72928038 rs72928038 

(chr6:90267049:G:A) 

-1.0 3.9x10-16 1.00 BACH2 (z=-21; PP =1) 

rs2027299 

(chr6:126364681:G:C) 

 0.147 chr6:126339725-126340580 rs9388486 rs1361262 

(chr6:126380821:T:C) 

-0.4 2.0x10-16 0.87 CENPW (z=-9.8; PP =0.82) 

rs61555617† 

(chr12:56047884:TA:T) 

 0.257 chr12:56041256-56042638 rs705704 

rs705705 

rs705704 

(chr12:56041628:G:A) 

-0.2 1.1x10-15 0.97 GDF11 (z=-7.5††; PP =0.97) 

rs4900384 

(chr14:98032614:A:G) 

 0.118 chr14:98018322-98019163 rs11628807 

rs4383076 

rs11628876 

rs11160429 

rs11628807 

(chr14:98018774:T:G) 

 0.7 1.8x10-21 0.95 - 

* T1D lead variant is the most associated variant in the credible set, as defined by fine-mapping (Supplementary Table 11); caQTL lead variant is the most associated variant with 

chromatin accessibility at the peak of interest; Variants are provided as rsid (chromosome:hg38_position:reference:alternative). 

** BetaT1D refers to the effect size for the alternative allele of the T1D lead variant; BetacaQTL refers to the effect size for the alternative allele of the caQTL lead variant. 

***  Whole blood cis-eQTL statistics from eQTLGen for the T1D lead variant and colocalization with the T1D association.  

† rs61555617 is referred to as rs796916887 in supplementary tables 

†† cis-eQTL statistics for rs61555617 are missing in eQTLGen; the reported GDF11 cis-eQTL z-score is for the highly correlated variant rs705704. 

PP =  posterior probability of colocalisation between the QTL (eQTL or caQTL) and the T1D association (referred to in coloc documentation as “PP.H4.abf”) 

caQTL = chromatin accessibility quantitative trait locus 

eQTL = expression quantitative trait locus 
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Functional annotation of T1D-associated variants in the BACH2 region  

Fine-mapping of the BACH2 locus refined the T1D association to two intronic variants, 

rs72928038 (G>A) and rs6908626 (G>T) (Figure 3a). The EUR minor alleles of rs72928038 

(A) and rs6908626 (T) are associated with increased T1D risk (OR = 1.18; p < 1×10-20, MAFEUR 

= 0.18). Chromatin-state annotations across cell types from the BLUEPRINT Consortium and 

NIH Roadmap Epigenomics Project annotate rs72928038 as overlapping a T cell-specific active 

enhancer and rs6908626 as lying in the ubiquitous BACH2 promoter (Figure 3b, 

https://github.com/ccrobertson/t1d-immunochip-2020 - see “BACH2”). Promoter-capture Hi-

C data from diverse immune cell types 34 indicates that the enhancer region containing 

rs72928038 contacts the BACH2 promoter in T cells (Figure 3c). Although weak interactions 

were observed in multiple T cell subtypes, only naïve CD4+ T cells had a significant interaction 

score.  

 

In caQTL analysis, rs72928038 (A) is associated with decreased accessibility of the enhancer it 

overlaps (chr6:90266766-90267715) (Figure 3d - left), while rs6908626 (T) does not appear to 

affect accessibility at the BACH2 promoter (chr6:90294665-90297341) (Figure 3d – right).  

Similarly, among 15 samples heterozygous for rs72928038, only 4% (5/121) of ATAC-seq reads 

overlapping that site contain the T1D risk allele, rs72928038 (A) (Figure 3e – left, 

Supplementary Table 15), suggesting it leads to restricted accessibility. In contrast, chromatin 

accessibility at rs6908626 does not exhibit allelic bias in heterozygotes (Figure 3e – right). 

These data prioritise rs72928038 over rs6908626 as functionally relevant in CD4+ T cells. 
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In eQTL studies, rs72928038 (A) is associated with decreased expression of BACH2 in whole 

blood 33 and purified immune cell types 35. Specifically, in the DICE consortium 35, rs72928038 

(A) is associated with decreased expression of BACH2 in multiple cell types, with the strongest 

effects in naïve CD4+ and CD8+ T cells. This is consistent with the observation that the enhancer 

region overlapping rs72928038 is accessible specifically in unstimulated bulk CD4+, 

unstimulated bulk CD8+, and naïve CD4+ T effector cells (Figure 3f). Both the enhancer caQTL 

and BACH2 eQTL colocalize with T1D association (Figure 3g, Table 2).  

 

The BACH2 rs72928038 variant overlaps binding sites for STAT1 and the ETS family of 

transcription factors, based on canonical transcription factor binding motifs 25. We performed 

super-shift electrophoretic mobility shift assay (EMSA) experiments of the DNA sequence 

flanking rs72928038 that demonstrated allele-specific ETS1 binding, but no STAT1 binding 

(Supplementary Figure 10). This result builds on experiments demonstrating allele-specific 

nuclear protein binding of rs72928038 in Jurkat cells 36 . These data prioritise rs72928038 as the 

functionally relevant variant in T cells and provide preliminary support for a gene regulatory 

mechanism underlying the 6q15 region association with T1D where the rs72928038 minor A 

allele disrupts ETS1 binding, which leads to decreased enhancer activity and BACH2 expression 

in naïve CD4+ T cells.
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Figure 3: Functional annotation of T1D-associated variants in the BACH2 region. a) T1D-associated variants 

prioritised by fine-mapping (rs72928038 and rs6908262) and overlap with introns of BACH2. b) chromHMM tracks 

across diverse immune cell types from the BLUEPRINT consortium; rs72928038 resides in a T cell-specific 

enhancer (yellow regions), while rs6908262 overlaps the BACH2 promoter (red regions). c) Interactions with the 

BACH2 promoter in published PCHi-C data from naïve CD4+ T cells 34. d) Accessibility of regions overlapping 

rs72928038 and rs6908262 by genotype. The T1D risk alleles, rs72928038(A) and rs6908262(T), are associated 
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with decreased chromatin accessibility of the region overlapping rs72928038 (left), but not with accessibility in the 

region overlapping rs6908262 (right). e) Allele-specific accessibility of chromatin at rs72928038 and rs6908262 

across heterozygous individuals; at rs72928038, the G allele is strongly preferred over the A allele. f) Chromatin 

accessibility profiles in the region overlapping rs72928038 across resting and activated CD4+ and CD8+ T cells 

(published data 29); chr6:90266766-90267715 is accessible specifically in unstimulated cells. g) LocusCompare plots 

showing colocalization between T1D association, the caQTL for chr6:90266766-90267715 (left), and the eQTL for 

BACH2 (right). 

 

T1D drug target identification 

To identify potential T1D therapeutic targets with human genetic support, we used the Priority 

Index (Pi) algorithm, 17 which integrates genetic association results with functional genomics 

data and protein-protein networks (Online Methods). We identified 50 highly-ranked gene 

targets (Supplementary Table 16), including 13 that were not previously implicated by Priority 

Index analyses 17: STAT4, RGS1, CXCR6, IL23A, PTPN22, NFKB1, MAPK3, EPOR, DGKQ, 

GALT, IL12RB1, IL12RB2, IL6R, and 12 that have been targeted in clinical trials for autoimmune 

diseases: IL2RA, IL6ST, IL6R, TYK2, IFNAR2, JAK2, IL12B, IL23A, IL2RG, JAK3, JAK1 and 

IL2RB. These results provide genetic support for exploring these genes and pathways as potential 

therapeutic targets for T1D prevention or treatment. 

 

Discussion 

In the largest genetic analysis of T1D to date, we identified 36 novel regions at p < 5×10-8 and 

implicated a total of 152 regions outside the MHC in T1D susceptibility at FDR < 0.01. 

Additionally, we refined the set of putative causal variants and number of independent 

associations in many T1D regions through increased sample size, dense genotyping and 

imputation, inclusion of multiple ancestry groups, and optimized analytical approaches to fine-

mapping. We assessed their intersection with regions of putative regulatory function with public 

and newly generated ATAC-seq data from diverse cell types and states. T1D credible variants 
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were enriched in stimulation-responsive open chromatin peaks in CD4+ T cells. Colocalization of 

T1D associations with CD4+ T cell caQTLs focused mechanistic hypotheses on this highly 

relevant cell type. Four of the five T1D associations that colocalize with caQTLs also colocalize 

with whole-blood eQTLs. These colocalized associations offer hypotheses of how causal variants 

influence disease risk through their effects on regulatory element activity and gene expression in 

T1D-relevent cell types. We propose the regulatory mechanism by which the disease association 

in the BACH2 locus leads to disease risk. Finally, using our genetic association data coupled with 

functional genomics and protein networks, we identified potential T1D drug targets for use in 

prevention trials. Experimental follow-up studies are required to test these hypotheses and 

further dissect the mechanisms altering T1D risk in each region.  

 

We highlight the BACH2 region on chromosome 6q15 as an example of unbiased QTL 

colocalization that leads to hypotheses for functional mechanisms driving variant-T1D 

association. Our data suggest that rs72928038 (A), the T1D-associated allele, abolishes ETS1 

binding at an enhancer that promotes BACH2 expression in naïve CD4+ T cells. BACH2 is a 

transcription factor from the BTB-basic leucine zipper family with established roles in B and T 

cell biology, including maintaining the naïve T cell state 37,38. BACH2 haploinsufficiency has 

been shown to cause congenital autoimmunity and immunodeficiency 39,  demonstrating that a 

functioning human immune system depends on BACH2 expression in a dose-dependent 

manner. In addition to cis-effects on BACH2 expression, rs72928038 is associated with changes 

in expression of 39 distal genes 33 in whole blood, including seven genes in autoimmune disease-

associated regions. These observations raise the hypothesis that the minor A allele at rs72928038 

increases T1D (and other autoimmune disease) risk by reducing BACH2 expression in a precise 
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cellular context (e.g., the naïve T cell state). This effect may lead to shifts in BACH2-regulated 

transcriptional programs, thereby altering T cell lineage differentiation in response to antigen 

exposure.   

 

Unsurprisingly, given the design of the ImmunoChip, 13 of the 36 novel (p < 5×10-8) regions 

associated with T1D risk are associated with other immune-related traits. This is consistent with 

previous studies showing shared genetic risk across autoimmune disease 40 and suggests potential 

for repurposing drugs to treat or prevent T1D. This was further highlighted by the results from 

our Priority Index target prioritisation analysis, where 12 targets were prioritised that have been 

the focus of clinical trials for treatment of autoimmune diseases. One example is IL23A, which 

has been targeted in the treatment of irritable bowel disease (IBD), psoriasis, multiple sclerosis 

and ankylosing spondylitis. The IL-23 inhibitors have been efficacious and safe in the treatment 

of IBD 41 and psoriasis 42, and are currently being explored for T1D (ClinicalTrials.gov 

identifiers NCT02204397 and NCT03941132); the present analysis gives genetic support for 

these trials. Similarly, JAK1, JAK2 and JAK3 were implicated in T1D etiology in our analysis. 

JAK inhibitors have been safe and effective in the treatment of rheumatoid arthritis 43 and 

ulcerative colitis 44. Finally, this study presents the first well-powered, convincing genetic 

evidence linking interleukin-6 (IL-6), a cytokine with known roles in multiple autoimmune 

diseases, to T1D etiology. The IL-6 receptor complex consists of two essential subunits: the 

alpha subunit (encoded by IL6R) and the signal transducing subunit (encoded by IL6ST). Both 

the IL6ST and IL6R regions were identified here as T1D-associated at genome-wide significance 

for the first time (Table 1). Additionally, both IL6ST and IL6R were implicated by our Priority 

Index analysis. We cannot say based on current evidence that IL6ST and IL6R are T1D causal 
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genes, but we note that IL6ST is implicated by QTL colocalisation and the lead T1D variant near 

IL6R (rs2229238) is an eQTL for IL6R expression in whole blood (formal colocalisation was not 

assessed because the IL6R region is not densely covered by the ImmunoChip).  The humanized 

IL-6 receptor antagonist monoclonal antibody, tocilizumab, is an approved treatment for RA and 

systemic juvenile idiopathic arthritis, both of which share substantial genetic effects with T1D 3, 

and a trial of this drug in recently-diagnosed T1D cases is underway 

(https://clinicaltrials.gov/ct2/show/NCT02293837). However, surprisingly we showed that the 

lead T1D variant near IL6R (rs2229238) tags a causal variant distinct from the nonsynonymous 

variant (IL6R Asp358Ala; rs2228145 A>C) thought to drive the association in RA 19, suggesting 

potentially different mechanisms altering disease risk in this region. The recent success of anti-

CD3 therapy, after 40 years of study through experimental models and clinical trials targeting 

different patient subgroups and time points relative to disease diagnosis 45, highlights both the 

challenges and hopes for translating target identification to efficacious clinical outcomes in T1D.  

 

One limitation on this study is that genotyping was restricted to ImmunoChip content, which 

provides dense coverage in 188 immune-relevant genomic regions, as defined by previous 

largely European-based GWAS of immune-related traits, and sparse coverage elsewhere. This 

design restricts the scope of discovery, fine-mapping, and generalizability of subsequent 

functional enrichment analyses. This may explain the absence of T1D variant enrichment in open 

chromatin of non-immune cell types (e.g., pancreatic islets) 46,47. While this analysis is the largest 

and most comprehensive study prioritising novel therapeutic interventions in T1D according to 

genetic evidence, extension of future genetic studies to genome-wide analyses and continuing to 

focus on more diverse populations will further define the genetic landscape of T1D. 
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