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The genetics of autoimmune diseases: a networked perspective
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Modern tools for genetic analysis are producing a large impact
on our understanding of autoimmunity. More than 30 genome-
wide association studies (GWAS) have been published to date in
several autoimmune diseases (AID) and hundreds of common
variants have been identified that confer risk or protection. While
statistical adjustments are essential to refine the list of potential
associations with each disease, valuable information can be
extracted by the systematic collection of moderately significant
variants present in more than one trait. In this article, a
compilation of all GWAS published to date in seven common AID
is provided and a network-based analysis of shared
susceptibility genes at different levels of significance is
presented. While involvement of the MHC region in chromosome
6p21 is not in question for most AID, the complex genetic
architecture of this locus poses a significant analytical challenge.
On the other hand, by considering the contribution of non-MHC-
related genes, similarities and differences among AID can be
readily computed thus gaining insights into possible pathogenic
mechanisms. Statistically significant excess sharing of non-
MHC genes was found between type | diabetes (T1D) and all
other AID studied, a result also seen for RA. A smaller but
significant degree of sharing was observed for multiple sclerosis
(MS), Celiac disease (CeD) and Crohn’s disease (CD). The
availability of GWAS data allows for a systematic analysis of
similarities and differences among several AID. Using this class
of approaches the unique genetic landscape for each
autoimmune disease can start to be defined.
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Autoimmune disorders arise when physiological tolerance
to “‘self’” antigens is lost. Although several mechanisms
may be involved in this pathogenic process, dysregulation
of T-cell and B-cell activation and of pathways leading to
inflammation are logical candidates. Susceptibility to
autoimmune diseases has been associated with multiple

factors including genetics, epigenetics, and the environ-
ment. While the modest concordance rate in monozygotic
twins suggests that environmental factors are major
players in most autoimmune diseases, increased herit-
ability within families and the decrease in risk with the
degree of relatedness all argue in favor of genetic factors.
With the advent of high-throughput genomics, massive
amounts of genetic data are being produced and reported
on a monthly basis. Although considerable insight has
been gained from each of these individual studies, a
detailed comparative analysis will likely identify both
unique and common pathways operating in autoimmu-
nity. This kind of analysis may set the basis for more
targeted and rational therapeutic approaches.

Certain autoimmune disorders co-occur significantly in a
single individual or within nuclear families more often
than expected suggesting the presence of genetic variants
that predispose to or protect against autoimmunity [1-4].
In a recent analysis Rzhetzky et al. reviewed 1.5 million
medical records involving 161 diseases and computed
pairwise correlations of disease co-occurrences [5°].
Indeed, several autoimmune disorders co-occurred in
the same individuals more often than expected by
chance. T1D most often correlated not only with the
presence of type 2 diabetes mellitus (T'2D), but also with
RA, and psoriasis. Similarly MS correlated with systemic
lupus erythematosus (SLE), T1D, T2D and psoriasis,
while RA strongly correlated with SLE, ankylosing spon-
diliis, 'T1D, T2D, Sjogren’s, and Psoriasis. Although
these data were derived from medical records and not
from genetic analysis, the results suggest that common
genetic mechanisms may be at play in different AID.

Genetic polymorphisms are heritable sequence altera-
tions in the genome that contribute to phenotypic varia-
bility, and can modulate the expression and/or function of
genes thus affecting the behavior of biological pathways,
potentially determining susceptibility to diseases. With
the advent of genomic tools that made available minia-
turization and automation of genotyping platforms, more
than 200 genome-wide association (GWA) studies have
been performed in different disecases to date [6°%,7]
including 31 studies in 7 common AID. In this review
I will summarize the findings of these studies, elaborate
hypotheses about the possible pathogenic mechanisms
implicated in each disorder, and provide a global view of
shared and specific genes that characterize them.

The aim of GWA studies is to characterize the genetic
architecture of complex genetic traits through the identi-
fication of disease variants against the background of
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random variation seen in a population as a whole. In a
typical study, hundreds of thousands of markers covering
a significant portion of the common variation in the
population are tested simultaneously in cases and controls
and the allelic frequencies of each marker are compared
between the two groups. The large number of common
genetic variation in the human population means that
prior odds that a randomly chosen marker is relevant for a
given disease are extremely low (estimated at 10~ for MS
[8]). For this reason, and in the absence of other prior
knowledge, only highly significant markers should be
taken into consideration.

Asurvey of all studies reported in the GWAS Catalog [7] (as
of July 2009) in 7 common AID (CeD, CD, MS, Ps, RA,
SLE,and T'1D)and T2D revealed that variants in 45 genes
(7 MHC-related) are associated with disease susceptibility
(Table 1). Only markers with highly significant associations

Table 1

Top associated genes in seven common autoimmune diseases

Disease Gene Reference

CeD IL21 [40,41]
RGS1 [40]
HLA-DQA1 [41]

MS HLA-DRBH1 [16°,42-44]
METTL1, CYP27B1 [42]
CD58 [16°,42]
HLA-B [16°]
TNFRSF1A [16°]
IL2RA [16°,44]

Psoriasis HLA-C [45-47]
IL12B [45,48]
TNIP1 [45]
IL13 [45]
TNFAIP3 [45]
LCE3D, LCE3A [48]

Crohn’s IL23R [35,38,49-51]
ATG16L1 [35,38,50]
PTGER4 [38]
NOD2 [35,38,49]
ZNF365 [38]
PTPN2 [35,38,52]
NKX2-3 [38,52]
IRGM [38,52]
IL12B [38]
MST1 [38,52]
CCR6 [38]
STAT3 [38]
LRRK2, MUC19 [38]
TNFSF15 [38]
CDKAL1 [38]
BSN, MST1 [35]
CARD15 [50]

RA PTPN22 [32-35]
REL [32]
OLIGS3, TNFIP3 [33,53]
HLA-DRB1 [33-35]
HLA-DQA1, HLA-DQA2 [35,54]
TRAF1-C5 [34]

Table 1 (Continued)

Disease Gene Reference

SLE TNFAIP3 [55]
STAT4 [37,55]
HLA-DQA1
IRF5, TNPO3 [37]
ITGAM, ITGAX [387]
C8orf13, BLK [37]
BANK1 [56]

T1D MHC [35,38,57,58]
PTPN22 [35,38,57-59]
INS [38,58,59]
C100rf59 [38]
SH2B3 [35,38]
ERBB3 [35,38,57,59,60]
CLEC16A [38,57]
CTLA4 [38,57]
PTPN2 [38,57,59]
IL2RA [38]

IL27 [38]
C6orf173 [38]
IL2 [38]
ORMDL3 [38]
GLIS3 [38]
CD69 [38]
UBASH3A [38,61]
IFIH1 [38,59]
BACH2 [38,57]
CTSH [38,57]
PRKCQ [38,57]
C1QTNF6 [38]
C120rf30 [57]
C1QTNF6 [57]
KIAA0350 [35,58,59]
C120rf30 [59]

(P < 107 "% oridentified at P < 10~ in two or more studies
are shown in this list. However, several truly associated
variants may never reach this significance due to the limited
power of most studies. Thus, exploratory analyses using
lower significance thresholds may uncover important
associations, particularly, if they occur in candidate genes
or pathways. Although by simply tabulating data, genes
associated with more than one disease can be easily ident-
ified (e.g. PTPN22 with RA and T'1D, /L.2RA with MS and
T1D, IL12B inPsand CD), this task becomes more difficult
at a lower significance cut-off as the number of genes
increases considerably. Unfortunately, the GWAS Catalog
only lists associations at 10~ or lower, thus preventing any
analysis using a more liberal significance threshold.

A straightforward solution to the problem of low powered
datasets is to conduct larger studies. This is the rationale
behind the second phase of the Wellcome Trust Case
Control Consortium (WTCCC2), a massive collaborative
project that is genotyping 120 000 samples in 13 diseases
(including ankylosing spondylitis, MS and Ps) and two
quantitative phenotypes [9]. Another strategy to increase
the prior odds of finding a true significant marker is to
incorporate prior biological knowledge. A reasonable
approach to accomplish this is through the integrated

Current Opinion in Immunology 2009, 21:1-10

www.sciencedirect.com

Please cite this article in press as: Baranzini SE. The genetics of autoimmune diseases: a networked perspective, Curr Opin Immunol (2009), doi:10.1016/j.c0i.2009.09.014



http://dx.doi.org/10.1016/j.coi.2009.09.014

COIMMU-794; NO OF PAGES 10

analysis of susceptibility alleles into biological pathways
[10-12]. This, however, requires the inclusion of variants
with only nominal evidence of genetic association that are
typically filtered out in most studies in order to minimize
type I error (false positives). A recent article by our group
used this approach to identify novel susceptibility path-
ways in MS, and revealed genetic overlaps between MS
and Alzheimer’s disease and between MS and bipolar
disorder. In addition, the presence of common variants in
the MHC region between MS, RA and T'1D but not T2D
or CD with MHC alleles was highlighted [13°°].

Analytic and computational approaches that integrate
results from multiple GWA datasets represents an alterna-
tive strategy that may strengthen previous conclusions,
suggest novel loci or pathways, and refine the localization
of association signals [14,15]. For example a recent meta-
analysis of three MS studies identified CD6, TNFRSFIA,
and IRFS, three non-MHC-related genes not found in
any of the previous GWAS in this disease [16°]. In a larger
study, Johnson and O’Donnell collected and catalogued
results from 118 GWAS published through March 1, 2008,
all of which tested trait associations with >50 000 markers
[17°]. This study listed all the P-values as provided by the
authors in the original publications, in some cases as

Table 2
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relaxed as P < 0.05. Although several autoimmune dis-
eases were included in that set comparing genes across
traits was out of the scope of that work. We then extracted
all moderately significant (P < 1074) associations from
each study (plus those in T2D) to analyze and compare
the genetic contribution to these autoimmune disorders
(Table 2). When multiple studies for the same disorder
reported on the same gene, P-values were combined
using the Fisher’s method [18]. Altogether, 1201 genes
with modest evidence for association in at least one of
these autoimmune disorders were identified.

Recently, Goh ez a/. integrated all available genetic data
from the Online Mendelian Inheritance in Man (OMIM)
database using a bipartite network-based visualization
approach [19°]. Since OMIM focuses primarily on Men-
delian disorders, genetic data on complex disorders were
derived from literature mining and thus, less accurately
represented in this analysis. Nevertheless, this strategy
identified groups of diseases that shared susceptibility
genes and grouped them together, thus creating a disease
landscape based on genetic similarity. To address
whether genes involved in one AID also confer suscepti-
bility to another we carried out a similar approach to that
used by Goh using evidence from GWAS (Figure 1).

GWAS Studies used for network analysis

Phenotype Cases Controls Analyzed SNPs #SNPs reported (criteria) Reference
CeD 778 1422 310 605 50 (P < 1073 [41]
CD 382 (trios) = 164 279 62 (P <1073 [49]
CcD 393 399 92 387 139 (P <1073 [62]
CD 547 548 308 332 6 (top) [63]
CD 547 928 302 451 1 (top) [51]
CD 946 977 304 413 23 (P <1074 [50]
CD 94 752 72738 4(P<1079 [64]
CD 2000 3000 469 557 502 (P <1079 [35]
MS 931 2431 334 923 114 (P < 1073 [44]
MS 978 883 551 642 44 (P <1073 [65]
Ps 318 288 313 830 3(P<107% [66]
RA 1522 1850 297 086 193 (P <1072 [34]
RA 625 558 203 269 14 (P <1073 [67]
RA (CCP+) 397 1211 79 853 205 (P <1079 [53]
RA 2000 3000 469 557 380 (P <1079 [35]
SLE 94 538 52 608 1 (top) [68]
SLE 51 54 262 264 5 (top) [69]
SLE 720 2337 265 648 35 (P <1072 [36]
T1D 1028 1143 534 071 88 (top) [58]
T1D 2000 3000 469 557 102 (P <1072 [35]
T2D 1464 1467 386 371 102 (P <1072 [70]
T2D 105 102 115 352 72 (P <1073 [71]
T2D 640 674 80 044 89 (top) [72]
T2D 124 295 82 485 125 (top) [73]
T2D 500 497 315917 7 (top) [74]
T2D 1161 1174 315635 97 (P <107?) [79]
T2D 661 614 392 935 50 (P <1072 [76]
T2D 1399 5275 313179 48 (top) [77]
T2D 3757 5346 393 453 65 (P <1073 [78]
T2D 307 (trios) = 66 543 45 (P <1079 [79]
T2D 91 1083 70987 5 (top) [80]
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Figure 1
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Disease-gene network (A) Top genetic associations in 7 autoimmune diseases and T2D. The most significant SNP per gene was selected. Only
associations with the significance of at least P < 107 are visualized. If a given gene was identified in more than one disease, multiple lines connecting
it with each disease were drawn. Lines are colored using a ‘‘heat” scheme according to the evidence for association. Thus “hot” edges (e.g. red,
orange) represent more significant associations than ““cold”” edges (e.g. purple, blue). Diseases are depicted by circles of size proportional to the
number of associated genes, non-MHC genes by grey triangles, and genes in the MHC region are shown as red diamonds. (B) Similar to (A), but with
the threshold of significance lowered to P < 10~“. To aid visualization, only genes shared by at least two diseases are shown.
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Genes shared by at least three diseases at (aggregate) P < 10~*

Gene Chr Description Crohn’s RA T1D Celiac MS SLE Ps
PTPN22 1 Protein tyrosine phosphatase, non-receptor type 1078 ORI (p22 107°

IL23R 1 Interleukin 23 receptor 10102 10~ 10~/
NRXN1 2 Neurexin 1 isoform beta precursor 104 104 1074

KIAA1109 4 Hypothetical protein LOC84162 107° 1012 107°

EPHA7 6 Ephrin receptor EphA7 104 104 107°

TRIM27 6 Tripartite motif-containing 27 10°° 10°° 107"

TNFAIP3 6 Tumor necrosis factor, alpha-induced protein 3 107° 1020 10~ 107"
TNKS 8 Tankyrase 1074 104  10°°

C200rf42 20 Fermitin family homolog 1 107° 1074 10~

When the network is visualized with only those genes
exceeding the genome-wide significance level of
P <1077, a large connected core of genes and diseases
can be observed (Figure 1A). In this visualization a strong
cluster of MHC-associated genes is readily identified, not
only for RA and T1D, but also for MS and SLE. This is
shown by the prominent circles of red diamonds in the
center of the figure.

All of the MHC-related genes associated with SLE and
CeD were also shared by either RA, T1D, or MS. How-
ever, this observation may be a consequence of the strong
linkage disequilibrium operating in that region of the
genome. The only two diseases showing no MHC associ-
ations were Crohn’s and T2D. This finding is likely a
consequence of the absence of GWAS signals in chromo-
some 6 reported in several studies in CD and the fact that
T2D is primarily a metabolic disease, included in this
analysis for comparison [20]. Despite this observation,
CD is still connected to the main core by sharing MCTP/
with RA, /1.23 and I1.12B with Ps, ORMDIL.3, PI'PN2 and
PTPN22 with T1D, and CDKAL! with T2D.

While the connection among diseases through MHC-
associated genes is illuminating, the extensive LD in this
region obscures the identification of additional shared
genes. If the MHC locus is ignored, 16 genes are still
associated with more than one disease at this significance
level (displayed towards the center of Figure 1A). This
select list of potentially “‘general’” autoimmunity genes
includes PTPNZ22, a tyrosine phosphatase strongly associ-
ated with T1D (aggregate P < 1072%°), RA (aggregate
P<107"), and to a lesser extent with CD (aggregate
P < 107®). The risk allele of this non-synonymous SNP
(R620W), disrupts the P1 proline-rich motif that is
important for interaction with cytoplasmic tyrosine kinase
(CSK), potentially altering these protein’s normal func-
tion as a negative regulator of T cell activation. PTPN22
has also been associated with other autoimmune diseases
including Addison’s disease [21] and Graves’ thyroiditis
[22]. TNFAIP3 is also highly associated with RA (aggre-
gate P < 10™%), SLE (aggregate P < 10~'"), Ps (aggre-
gate P < 107", and moderately associated with CD

(aggregate P < 107°). This TNFa-induced gene is essen-
tial for limiting inflammation by terminating NF-kappa B
responses.

If a more relaxed threshold (P < 10_4) is used to visualize
the reported associations, 71 non-MHC genes are ident-
ified as shared by at least two diseases (Figure 1B), seven
by three diseases, and only 2 by four diseases (Table 3). In
addition to PTPN22 and TNFAIP3 described above,
IL.23R and the KIAA1109 locus appear as additional
general autoimmunity genes. IL23R is also a key com-
ponent of the T cell activation pathway and plays a critical
role in differentiation, expansion and stabilization of
proinflammatory TH17 cells [23]. KIAA1109 is located
within a region of high linkage disequilibrium in chromo-
some 4 that also encompasses the genes for ADADI, 112,
and IL21. The role of IL.2 in T and B cell proliferation
and its potential implications in autoimmunity have been
extensively documented [24,25]. Meanwhile, IL-21 acts
as a co-stimulator of proliferation, enhances memory
response, and modulates homeostasis. Within the innate
immune system I1.-21 has a role in the terminal differ-
entiation of NK cells, enhancing cytotoxic function while
also decreasing cellular viability. These immune matu-
ration and stimulating functions have resulted in IL.-21
being tested in a variety of models of immunity [26-28].
Finally, another gene with seemingly general auto-
immune properties is (7TL.A4, although in this analysis
it only reached genome-wide significance (aggregate
P < 1077)in T1D and RA. When engaged by its receptors
CD80 or CD86, CTLA4 initiate signals resulting in the
inhibition of T cell activation. Several additional reports
relating CTLA4 with multiple autoimmune diseases exist
[29], but most of these followed a candidate gene
approach, and thus were not included here. Altogether,
the data presented here suggest that genes involved in
activation, proliferation, and homeostasis of cells involved
in adaptive immune responses are more likely to
represent general autoimmunity genes. This is further
supported by the observation that a large proportion
of these genes physically interact among each other
(S. Baranzini, unpublished observation), thus possibly
taking part in the same or highly overlapping biological
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pathways. A corollary to this observation indicates that
associations unique to each disease would be responsible
for attracting immune responses to specific tissues,
although more functional studies in animal models will
be needed to confirm this.

While at P <10™* several of these discoveries may
represent false positives, potential associations with auto-
immunity genes may be discovered if genes are shared by
two or more diseases at a higher proportion than what it
would be expected by chance alone. To this end we
counted all shared association between all pairs of dis-
eases and assessed enrichment by computing a chi-
squared test (Table 4). We found that T1D shared
significantly more genes than expected with all other
diseases studied. For example, it shared 12 genes with
MS (1.49 expected, P < 10"'%), 12 with T1D (2.13
expected, P < 1071%), and 18 with T2D (3.6 expected,
P < 107", On the other hand, genes shared between
T2D and most other diseases (except RA), barely
exceeded the expected number. The network in
Figure 2 summarizes the relationships among these auto-
immune diseases, and Supplementary Table 1 lists each
gene with their corresponding P-value. Of note, none of
these multiple associations is inflated by LD, as most of
these genes are encoded in different chromosomes.

The finding that susceptibility alleles for one disease can
be protective in another represents an additional level of
complexity in the genetics of AID. For example, the
common allele (T) of SNP rs11594656 in ILZRA
(CD25) confers susceptibility to T1D, but protection

Figure 2
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Disease similarity network Diseases are connected by nodes of a color
that is proportional to the P-value of the chi-squared test for excess
shared susceptibility genes.
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to multiple sclerosis [30,31]. Similarly, while the minor
allele of the R620W polymorphism in PTPN22 has been
associated with susceptibility to T1D, RA [32-35], and
SLE [36,37], it appears to confer protection to CD [38].
Functional studies aimed at detecting tissue (or cell)
specific variation in the expression or function of the
target gene may contribute to elucidate the pathogenic
mechanisms operating in each AID [31].

Noteworthy, all of the reported associations are derived
from microarray-based studies, where only common var-
iants (minor allele frequency > 10%) are interrogated in
GWAS. Thus, the almost certain influence of evolutio-
narily younger (rare) variants has not been adequately
evaluated. With the advent of next generation sequen-
cing, more data are expected to be gathered in the near
future to address this important question. A recent report
found that rare variants in the interferon-inducible gene
IFIH1 are protective against T'1D [39°°]. While this study
re-sequenced exons and splice junctions of a few candi-
date genes, more rare variants are likely to be found when
sequencing of entire genomes becomes mainstream. The
1000 genomes project (www.1000genomes.org), an inter-
national research consortium formed to create the most
detailed and medically useful picture to date of human
genetic variation, is currently producing whole-genome
high-quality sequences of 1000 individuals of different
ethnic backgrounds and health conditions. Data emerging
from this effort will undoubtedly uncover a multitude of
private variants giving rise to a new catalog of human
variation, an invaluable resource in the search for novel
disease associations.

While the identification of the precise pathways involved
in susceptibility to AID will clearly require additional
time and effort, integration of data from multiple diseases
represents the logical next step in discovering similarities
and differences among them. While similarities will shed
light into the general mechanism behind autoimmunity,
genetic features private to a given disease will help
pinpoint the basis for tissue specificity.

Concluding remarks

The genetic bases of autoimmunity are just starting to be
uncovered. While several bona-fide susceptibility genes
have been identified in most common autoimmune dis-
eases, technological advances in high-throughput geno-
typing platforms and more affordable next generation
sequencing methods will contribute to significantly
expand these lists. In addition, structural variants (inser-
tion/deletion polymorphisms, copy number variations,
etc.) are also likely to play a significant role in determining
susceptibility to AID. Taking into account the known
susceptibility loci for each trait, disease-specific custom
genotyping chips will be designed so as to cover a wide
spectrum of variants in larger cohorts of individuals. At
the same time, deep sequencing of candidate regions will

Genetics of autoimmune diseases Baranzini 7

be carried out to identify rare (private) mutations and
structural variants that affect only a few individuals.
Together, these approaches will eventually discover most
if not all of the genetic contribution to these diseases and
allow for the systematic search of similarity and differ-
ences among them. One obvious benefit of this new
knowledge would be the cross-utilization of drugs for
diseases with similar genetic fingerprint. Ultimately, this
high-resolution genetic disease landscape will contribute
to more accurate models of pathogenesis setting the bases
for the development of more rational therapeutic
approaches.

Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/}.coi.20009.
09.014.
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