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Abstract

Type 1 diabetes mellitus (TAIDM) is the most common autoimmune disease in pediatrics with a
prevalence of roughly 1 in 500 children in the USA. Genome-wide association studies have
identified more than 50 variants associated with increased risk for type 1 diabetes. Comparison of
these variants with those identified in other autoimmune diseases reveals three important findings:
(1) there is a high degree of overlap in implicated variants in diseases with similar patho-
physiology, (2) in diseases with differing pathophysiology the same variants are often implicated
in opposite roles, (3) in diseases with differing pathophysiology that have many non-overlapping
or oppositely implicated variants there are still several variants which are overlapping or shared.
Thus, the genetic overlap between T1DM and other autoimmune diseases forms the basis for our
understanding of druggable targets in type 1 diabetes.
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Introduction

Type 1 diabetes mellitus (TAIDM) is the third most common chronic disease of childhood
and the most common autoimmune disease in pediatrics with a prevalence of approximately
1in 500 children in the USA [1e]. In the past decade, the incidence of TLDM in the USA
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has increased by more than 20 % [1¢]. This disease was once universally fatal, but is now
managed with daily injections or continuous subcutaneous infusion of insulin. TLDM
remains an active focus of research, but clinical progress aside from the development of new
insulins (with longer or shorter half-lives) has been scant. Recent work has focused on three
areas: (1) the construction of an artificial external pancreas [2, 3], (2) the use of stem cells to
generate a new pancreas and/or pancreas transplant [4-8] and (3) genomic dissection of the
genetic determinants of TIDM [9, 10, 11ee, 12]. This first area is beginning to yield its first
fruit, with recent publications on the use of an artificial pancreas showing improved HbAlc
without increased hypoglycemia. This second area has had some recent notable successes;
early outcomes from dual pancreas—kidney transplant patients with TIDM reveal that a
significant number of patients have been able to stop daily injections of insulin. This third
area has revealed unexpected contributors to genetic risk for TLDM; genomic approaches
have allowed us to identify more than 50 variants that contribute to genetic risk for TLDM.
Many of these variants have been found to be associated with other autoimmune diseases
suggesting common pathological mechanisms between these illnesses [13e, 14, 15ee].

Several lines of evidence implicate common pathways or mechanisms in disparate
autoimmune diseases: (1) the common co-occurrence of some autoimmune diseases or
phenotypes (e.g., TLDM and celiac disease or inflammatory bowel disease and arthritis), (2)
epidemiological studies of populations and families describing high correlation of
autoimmune disease rates [16] and (3) syndromes comprised of multiple autoimmune
diseases (e.g., the autoimmune polyendocrine syndromes) [17]. This evidence is compelling,
but does not, per se, aid in understanding disease etiology. Several recent studies attempt to
use the overlap between autoimmune diseases to aid in pathogenic dissection and potentially
point to intervention targets. This review will discuss this work.

Recent work determining the role of genes implicated in the similar phenotypes of the
single-gene autoimmune polyendocrinopathies that include T1DM point to the structure of
critical signaling pathways underlying self-tolerance [18]. These genes include the AIRE
protein in autoimmune polyendocrinopathy type 1 and the FOX3 protein in X-linked
polyendocrinopathy, immune dysfunction, and diarrhea, respectively. Similar approaches
applied to the genes implicated in genome-wide association studies (GWAS) of non-
syndromic T1DM promise to reveal a much broader and richer map of the genetic structure
of immune signaling.

Comparing variants implicated in TIDM to variants identified in other autoimmune diseases
reveals three surprising and important results. First, there is a very high degree (>40 % for
several diseases and >50 % for at least one disease) of overlap that exceeds what would be
expected based on the epidemiological data. Second, some of the overlap reveals that the
same variants can be implicated in opposite roles in two different diseases (e.g., a high-risk
variant for TLDM being a protective variant for inflammatory bowel disease (IBD)). Third,
in diseases where most of the variants are non-overlapping or in opposing directions there
are still several variants that are overlapping or shared.
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Pathogenesis of T1DM

T1DM occurs as a result of autoimmune destruction of the insulin-producing beta cells of
the pancreas. This destruction is thought to be mediated by T cells while being dependent on
the production of antibodies interacting with the beta cell or its constituent proteins.
Population risk for TLDM correlates with high-risk HLA allele prevalence. Once individuals
with high-risk HLA alleles have more than one measurable beta cell antibody, the
progression to TIDM occurs in more than 75 % within 20 years, 61 % within 10 years, and
35 % within 5 years. Thus, it is believed that antibody production is either one of the critical
early initiators of TIDM or it is an indicator of progression past a committed checkpoint
towards T1DM. Prior to antibody production, it appears that there is T cell infiltration of the
pancreas and local inflammation called insulitis. This infiltration is thought to occur after
development of anti-self repertoire T cells and B cells. The progression to TIDM then is
conceptualized as starting with (1) the development of anti-self immune cells then
progressing to (2) insulitis and then (3) destruction of the pancreas. It is believed that either
this first step or this last step occurs after an infection with an agent that has antigens similar
to those that are presented in the pancreas. Thus the infection either causes the generation of
T cells and B cells specific to the pancreas or allows the expansion or activation of these
cells to progress from low-grade subclinical insulitis to large-scale beta cell destruction.
Because of the likely role of T cells in destruction of beta cells several recent studies have
examined the ability of anti-CD-3 antibodies to prevent diabetes progression. While early
small-scale studies of this approach seemed promising, larger studies have found no benefit
to this approach [19].

Evidence Implicating Common Mechanisms of Autoimmune Disease

The pathogenesis of all of the autoimmune diseases would seem intuitively to reflect a
failure in self-tolerance, but given the disparate phenotypes of autoimmune diseases, it is not
necessary a priori to believe that the failure in self-tolerance is mediated by the same paths
in different diseases. Several lines of evidence prior to GWAS results, however, implicate
common mechanisms underlying autoimmune diseases; first, the common co-occurrence of
some autoimmune diseases or phenotypes (e.g., TLDM and celiac disease or inflammatory
bowel disease and arthritis) suggests that these diseases have a common genetic risk factor,
second, epidemiological studies of populations and families [20] describing high correlation
of autoimmune disease rates also suggests a common genetic risk factor between these
diseases, and third, syndromes comprised of multiple autoimmune diseases (e.g., the
autoimmune polyendocrine syndromes) where a genetic risk factor has been identified.

Epidemiological Evidence of Autoimmune Diseases That Include T1DM

As noted above, there are several lines of epidemiological evidence linking disparate
autoimmune diseases. Only in the past two decades has the widespread use of the electronic
medical record and improvements in disease registries allowed the emergence of some of
this data. Autoimmune disease is observed to co-occur in individuals more often than we
would expect to be the case if the co-occurrence were due to independent effects [16]. Also,
different autoimmune diseases occur in families more often than would be expected if the
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co-occurrence were due to chance. For individuals diagnosed with T1DM, celiac disease and
autoimmune thyroid disease are known to occur at an increased prevalence compared to the
general population and are screened for annually in most centers.

Mendelian Autoimmune Diseases That Include T1DM

T1DM is also present in a number of individuals who have single-gene polyendocrine
autoimmune syndromes. In humans, the gene mutation underlying X-linked
polyendocrinopathy, immune dysfunction, and diarrhea (XPID—mutation in FOXP3) has
been identified [21]. Individuals with XPID have mutations in FOXP3and universally
develop T1DM as well as widespread autoimmunity and chronic diarrhea starting as a
neonate. FOXP3 is a transcription factor that controls the development of regulatory T cells.
Regulatory T cells are critical to regulating self-tolerance and individuals with XPID
completely lack these cells and have a florid multisystem autoimmunity. TADM occurs in
another polyendocrine syndrome, autoimmune polyendocrine syndrome type 1 (APS-1—
mutation in A/RE), more than 20 % of the time [17]. Recent investigations of mouse models
of APS-1, which are caused by a mutation in the AIRE protein, reveal that this protein plays
a critical role in the generation of a developmentally specific kind of FOXP3 expressing T-
regulatory cells [18]. Aire~ mice do not lack all FOXP3 cells, but only a specific
developmentally limited subset of all regulatory T cells. Expression of Aire for a short
period of time early in development is sufficient to allow the generation of this population of
cells and to prevent the development of APS-1. In humans, mutations that limit the function
of Aire lead to APS-1 and high rates of TLDM. Thus, the work on these two kinds of single-
gene autoimmune diabetes has revealed the structure of the pathway underlying the
pathogenesis of TLDM in these syndromes. In these diseases, intriguingly, autoimmune
diabetes does not appear to result from holes in the tolerance induction systems, but more
from the breakdown of secondary systems (critical T-regulatory cells) that keep self-antigen-
specific cells in check.

Genes Implicated in GWAS of T1DM

T1DM is unique among the common autoimmune diseases in that it is more common in
children than adults and, within the spectra of autoimmune diseases, is relatively
phenotypically homogenous. In general in GWAS, pediatric phenotypes require a smaller
population to identify significant genetic contributors than adult populations. Thus, TIDM
provides a potentially fertile starting point to understand autoimmune disease. That is
because it occurs in children it may provide more power than other autoimmune diseases to
identify variants associated with autoimmunity. Furthermore, TIDM has a
disproportionately high genetically attributed risk, with a concordance rate in monozygotic
twins of ~50 % [22].

T1DM has been the focus of more than 10 full-scale GWAS and GWAS meta-analyses [23,
24e, 25-32, 12, 13¢] and nearly 60 variants have been identified as associated with TLDM
risk. The first TLDM GWAS were published in 2007 [23e, 28]. Those studies identified
several variants with strong associations with TLIDM risk including variants implicating the
following genes: HLA class Il loci, the Insulin gene, PTPN22, CD25, CTLA4, and IFIHI. In
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addition to these candidate genes, several regions in the genome with multiple possible
genes were identified, including 12q13 and 21g22. With increased numbers of subjects,
increased collaboration, the widespread use of chips with more variants and improved
imputation, the depth and breadth of the variants identified has increased dramatically.
Subsequent research has identified likely candidate genes in the two regions 12913 and
21922, as well as increased the identified variants to nearly 60. By 2009, these identified
variants were being used to predict disease [33, 34] with a receiver operator curve having an
area under the curve of greater than 80 %.

Recent work has focused on pathway analysis as well as functional studies of the variants
identified [35, 11ee, 36, 10, 37, 38+]. Most of the variants identified to date are non-coding
SNPs. Genes implicated by proximity to these SNPs in T1DM fall broadly into two
categories: (1) pancreas-related and (2) immune-related. Variants in this first group include
SNPs in the insulin gene. Variants in this second group include SNPs in many genes, most
notably the HLA alleles in the MHC, PTPNZ22, STAT3, and the /LZRA. It is important to
note, in the context of complex and not-entirely understood regulation of gene expression,
that the genes implicated are not necessarily the most proximal gene to each SNP In addition
to GWAS, several techniques have been used implicate specific genes; e.g., survey of
expression quantitative trait loci or interrogation of chromatin state. Within immune-related
genes, the function of the variants is mostly still not entirely understood, but the genes
implicated can be broadly divided into (a) genes involved in innate immunity (e.g., /FIH1
and CLECI6A), (b) genes altering the strength of receptor signaling (e.g., PTPN22, PTPN2
and SH2B3), (c) genes altering the balance between immunity and tolerance, often via
alteration of 1L-2 signaling (e.g., /L-2, ILZRA, and PTPN2) and (d) other genes [10, 39, 29,
40-42].

From the perspective of pathway involvement in TLDM, the above provides an appealing
rough outline of how T1DM might develop: (a) altered innate immunity gives rise to a
change in the response to infection with a virus (i.e., an enterovirus), (b) this response is
amplified by altered signaling leading to insulitis, (c) in the context of a bias away from
tolerance this insulitis progresses to frank destruction of the islets and TIDM. It is not likely
to be quite so simple, as each of the immune genes identified above is expressed in multiple
cell types and alters signaling in a specific way in each cell type. Intervention or prevention
will require us to have more granular knowledge about mechanism.

For the insulin gene and the HLA class 1l genes implicated to date, the function of the
alterations appears to be either decreased presentation of insulin during negative selection of
immune cells (and thus decreased tolerance) or increased activation of T cells by a
particularly activating presentation of fragments of insulin. It is not clear how altered
presentation insulin is likely to predispose to other diseases, however, it is possible that some
of the associations at the MHC alter epitope presentation for other self-antigens and
similarly predispose to other autoimmune diseases.
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Development of the Immunochip

In addition to the epidemiological evidence detailed briefly above and the single-gene
disorders that include T1DM and other autoimmune diseases, comparison of GWAS results
(as detailed in the publically available Immunobase) reveals many shared loci between
disparate autoimmune diseases. Recognition of the loci shared between autoimmune
diseases prompted the Wellcome Trust Case-Control Consortium to motivate the creation of
the “Immunochip consortium”. This consortium is composed of leading investigators
covering all of the major autoimmune and seronegative diseases (including rheumatoid
arthritis, ankylosing spondylitis, systemic lupus erythematosus, T1IDM, autoimmune thyroid
disease, celiac disease, multiple sclerosis, ulcerative colitis, Crohn's disease, and psoriasis).
This consortium selected roughly 3000 SNPs from GWAS results for each disease for deep
replication and coverage of putative candidate genes to generate the Immunochip. The
Immunochip was generated in a large volume (~150,000) allowing it to benefit from
extremely low cost (~$39). This chip has allowed and will continue to allow fine-mapping
of many alleles across autoimmune diseases that would otherwise not be possible at this
cost.

The low-hanging fruit in genomic studies are (1) to increase the number of individuals
analyzed to improve the power of these studies and identify novel alleles and (2) to improve
the resolution of current studies, or finely map the positive loci already identified to
determine the causative variants mechanistically responsible disease. The Immunochip
advances both of these aims.

The first publication using the Immunochip in 2011, focusing on celiac disease, revealed (1)
several new loci and (2) that several of the individual loci implicated in celiac disease could
be divided into two nearby positive signals [14]. The Immunochip has how been used as one
element of an investigation into shared genes across many autoimmune diseases, which we
will describe in the next section [43, 44es, 15e¢, 38e, 45, 1]ee].

Genetic Overlap of TIDM and Other Autoimmune Diseases

Previous GWAS identified SNPs associated with the risk for autoimmune diseases including
T1DM. Identified SNPs are highly overlapping between autoimmune diseases (Fig. 1).
These SNPs are mostly not the causal variants responsible for functional changes underlying
disease but are haplotype tags. That is, these SNPs do not have a functional role, but are in
linkage disequilibrium with the variants that are themselves causal. The Immunochip is the
result of a large effort to more finely map the causal variants using improved genetic data.
Several groups have used the Immunochip, in concert with other kinds of systems-scale or
bioinformatic data to identify causal variants within and across several diseases [11ee, 44ee].

One group has developed a method they term probabilistic identification of causal SNPs
(PICS) [44e°] to identify likely causal variants across autoimmune diseases; this method uses
a Baysean approach to integrate Immunochip data with transcriptional data and epigenomic
data on active regulatory elements in primary immune cells in resting and stimulated
conditions. By comparing these three kinds of data in these primary cells with the variants
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identified in the Immunochip, they have generated a set of SNPs (PICS SNPs) believed to be
highly enriched in causal variants. Overlapping this set of SNPs with data from the
Epigenomics Roadmap and Encyclopedia of DNA Elements (ENCODE) project for
transcription binding sites and DNase hypersensitivity sites shows that candidate causal
SNPs are strongly enriched nearby binding sites for immune-related transcription factors,
including NF-kB, SPI1, IRF4, and BATF. However, there is a paucity of recognized
transcription factor motifs at the variants themselves; thus, their results suggest that many
causal SNPs confer disease risk by modulating transcription factor dependent enhancer
activity in a way that is not explainable by current gene regulatory models.

A second group has used a similar approach [11e¢] to identify likely causal SNPs, by
assessing enrichment of Immunochip-identified SNPs for likely causal SNPs also using a
Bayesian approach [46¢]. They used these SNPs to interrogate chromatin states across 127
tissues derived from the Epigenomics Roadmap and Encyclopedia of DNA Elements
(ENCODE) project. This work described a strong enrichment of SNPs in enhancer
chromatin states, rather than promoter chromatin states, in immunologically relevant tissues
such as the thymus, CD4+ and CD8+ T cells, B cells and CD34+ stem cells. That is, the
likely causal variants in autoimmune disease alter enhancer activity outside of recognized
transcription factor binding sites.

This work additionally revealed fundamental similarity in the genetic variants underlying
diseases that are characterized by auto-antibody positivity (e.g., alopecia areata, autoimmune
thyroid disease, celiac disease, multiple sclerosis, primary biliary cirrhosis, primary
sclerosing cholangitis, rheumatoid arthritis and systemic lupus erythematosus), and
significant differences in the clustering of gene variants between these diseases and diseases
that are not characterized by auto-antibody positivity (ankylosing spondylitis, Sjogren's
syndrome, psoriasis, Crohn's disease and ulcerative colitis). Specifically, many of the
variants that predispose towards auto-antibody positive diseases are protective against auto-
antibody negative diseases. Such a dichotomy was predicted by previous results comparing
diseases of these two classes [13¢], but is nonetheless interesting. This result implies that
attempting to prevent T1DM, or prevent progression from insulitis to clinical TLDM by
manipulating pathways involving variants that alter risk for auto-antibody-positive diseases
and auto-antibody-negative diseases in opposite directions could increase risk for auto-
antibody-Negative disease autoimmunity.

Future Directions

To understand the mechanisms underlying the risk-associated variants identified in GWAS
we must use other biological data and experimental manipulation to determine function. In
addition to the work described above comparing the variants implicated in multiple
autoimmune diseases there have been great strides in dissecting the function of these
variants or the mechanisms underlying the associations already identified [37, 44e¢]. Some
of this work starts from the pathways implicated in GWAS and attempts to examine the
effects of alteration in pathway activity [37], while other work attempts to identify the actual
variants responsible for the functional effects (as opposed to the variants identified in
GWAS) [44e-] to use in further experimentation.
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The opposite effect of some gene variants on different autoimmune disease types suggests
that in a high-risk context for one kind of disease (e.g., auto-antibody positive TLDM) and a
low risk context for the other type (e.g., auto-antibody negative) it might be possible to
antagonize the effects of one variant without markedly increasing the risk for the second
disease. That is, in a person with high-risk TLDM HLA alleles, mimicking the effect of the
/L. 2RA SNP that only slightly increases risk for ulcerative colitis (and decreases risk for
diabetes) might have an overall positive effect.

In a moderate-risk context, the work above using the Immunochip points towards two
productive avenues for future TLDM prevention; first, to aim towards manipulating variants
in pathways that are limited to TLDM and do not have any effect on risk for auto-antibody-
negative disease, and second, to attempt to manipulate pathways where risk in auto-
antibody-positive disease and auto-antibody-negative disease are affected in the same
direction (e.g., opposing the effect of the identified variants in 7YK2or PTPN?).

Conclusion

Recent work comparing the genetics of TLDM to other autoimmune diseases reveals
fundamental similarities and identifies specific pathways for manipulation to possibly
prevent disease in high-risk individuals. Using Immunochip data to interrogate other
modalities of systems-scale data appears to dramatically improve the identification of
causative variants for TIDM and other autoimmune diseases. Analysis of TLDM data in the
context of other autoimmune diseases increases our understanding of pathway level data as
well as the possible interactions between pathways. The possibility that shared pathways
underlie multiple autoimmune diseases may mean that progress in one disease may be easily
and rapidly applicable to other autoimmune diseases. Thus this work indicates that the rapid
pace of our knowledge accumulation in multiple diseases may soon lead to progress in
prevention of several diseases. Some of these same variants may confer risk for non-
autoimmune diseases [47¢] like lipid disorders and thus, progress in autoimmune disease
may also fundamentally improve our ability to understand and treat cancer and heart disease.
The recent groundbreaking work outlined above is the prelude to physiologic work [11ee,
444¢] and will provide the basis to focus this work on causal variants rather than haplotype
tags.
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Fig. 1.
A heatmap showing the shared genetics of 15 autoimmune diseases with T1D at 34 non-

MHC loci gathered from information contained at the Immunobase website
(www.immunobase.org). All relevant publications can be found in a curated list at the
Immunobase website. The regions are named for potential causative genes located at the
locus and do not represent the actual causal gene. The regions are defined by the location of
the index SNP at the locus and extending out +/-0.1 cM from that location. Ye//ow indicates
that a SNP in this region has odds ratios that are in the same direction for both T1D and the
disease in question or the direction of effect was unknown for one the diseases. Red
indicates that a SNP in this region has odds ratios that are opposing each other in direction
for both diseases. Orange represents a region with no known SNP sharing significance with
T1D at this time. For a SNP to be considered shared it must be genome-wide significant
(p<5.0x1078) in one of the diseases and at least suggestive of significance (p<1.0x10~°) in
the other diseases. AA=alopecia areata, A7D=autoimmune thyroid disease, CEL=celiac
disease, CRO=Crohn's disease, JIA=juvenile idio-pathic arthritis, MS=multiple sclerosis,
PBC=primary biliary cirrhosis, PSO=psoriasis, RA=rheumatoid arthritis, SL£=systemic
lupus erythematosis, 7ZD=type 1 diabetes, UC=ulcerative colitis, /BD=in-flammatory bowel
disease, NAR=narcolepsy, PSC=primary sclerosing cholangitis, V/7=vitiligo
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