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Abstract
Recent advances in the field of genetics have dramatically changed our understanding of
autoimmune disease. Candidate gene and, more recently, genome-wide association (GWA) studies
have led to an explosion in the number of loci and pathways known to contribute to autoimmune
phenotypes. Since the 1970s, researchers have known that several alleles in the MHC region play
a role in the pathogenesis of many autoimmune diseases. More recent work has identified
numerous risk loci involving both the innate and adaptive immune responses. However, much
remains to be learned about the heritability of autoimmune conditions. Most regions found
through GWA scans have yet to isolate the association to the causal allele(s) responsible for
conferring disease risk. A role for rare variants (allele frequencies of <1%) has begun to emerge.
Future research will use next generation sequencing (NGS) technology to comprehensively
evaluate the human genome for risk variants. Whole transcriptome sequencing is now possible,
which will provide much more detailed gene expression data. The dramatic drop in the cost and
time required to sequence the entire human genome will ultimately make it possible for this
technology to be used as a clinical diagnostic tool.
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1. Introduction
By 2006, with a nearly complete draft of the human genome sequence available, the
HapMap project had constructed an extensive database of variation within European, Asian,
and African genomes [1–3]. These milestones, coupled with scientific and technological
advances in microarray technology, now enable scientists to genotype more than 1 million
markers in a single experiment, ushering in the ability to perform unbiased surveys of the
human genome to identify risk loci in experiments called genome-wide association (GWA)
studies. Recently, GWA scans have had a tremendous impact on the study of common,
complex diseases in many fields, including the field of autoimmunity. Results of at least one
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GWA scan have been published for most autoimmune diseases. These GWA studies have
often identified novel loci and pathways from which hypothesis-driven research has
flourished. In this review, we will discuss the successes of candidate gene and GWA studies,
the bottleneck of determining causal variant(s), possible explanations for the majority of
heritable disease risk that remains unidentified, and the future of autoimmune genetics in the
post-GWA scan era.

2. Pre-GWA Era
Although the precise etiologies of most autoimmune conditions remain elusive, many
observational studies have identified families replete with multiple autoimmune diseases [4–
6] and high concordance rates have been observed between monozygotic twins [7]. In
addition, several studies have found that exposure to environmental triggers, particularly
infectious agents, can increase susceptibility to one autoimmune disease while protecting
from another [8–10]. These observations have led researchers to hypothesize that the
pathophysiology of autoimmune disease likely results from a complex interplay of heritable
and environmental factors.

Genetic association with multiple autoimmune diseases was first identified in the 1970s with
the major histocompatibility (MHC) region, which encodes the human leukocyte antigens
(HLAs). This region was of immediate interest due to its critical role in antigen presentation.
Genetic associations with HLA variants and autoimmune phenotypes are typically strong,
with relative risks (the ratio of the probability of a particular allele being carried by cases
versus controls) greater than 3. Notably, a potent association (relative risk of ~90) exists
between the HLA Class I gene, HLA-B27, and ankylosing spondylitis with ~90% of patients
carrying the risk allele compared to only 8% of healthy individuals [11]. Reactive arthritis
and arthritis in the context of inflammatory bowel disease are also associated with HLA-B27
[12].

Associations with Class II HLA variants have been identified with several autoimmune
conditions, including systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA),
but appear to be weaker than those found with HLA Class I. The associations reported in
SLE and RA with Class II are considerably more complex with multiple loci thought to be
involved [12]. Interestingly, disease risk associated with particular Class II alleles appears to
be increased within particular autoantibody or phenotype subsets of SLE and RA patients
[12].

Considerable work prior to the GWA era focused on the identification of associations
outside the HLA, particularly in pathways involved in immune system function. Through
genome-wide linkage and candidate gene association studies, several loci were identified as
risk factors for multiple autoimmune conditions. One such example is PTPN22, which
encodes for the protein LYP, a phosphatase specific to lymphoid tissues. This locus was first
identified with risk of developing type 1 diabetes (T1D) [13], and was subsequently
identified in other autoimmune diseases, including RA, SLE, and autoimmune thyroid
disease (Table 1) [14]. The T1D-associated allele within PTPN22 results in a non-
synonymous substitution that changes the amino acid at position 620 from an arginine to a
tryptophan, and thereby disrupts the association of LYP with CSK (c-sac tyrosine kinase)
[13]. Although the exact functional consequence has yet to be determined, studies have
shown an increase in phosphatase activity with this amino acid substitution [15].

Interferon regulatory factor 5 (IRF5) was first found to be associated with SLE in 2005 and
has since become the most replicated association with SLE outside of the MHC [16]. Three
variants have been identified within this locus that, when all present, increase the risk of
developing disease [17]. Furthermore, Sigurdsson et al. have found that individuals who
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carry more than one SLE risk allele for both IRF5 and STAT4 (signal transducer and
activator of transcription 4) are at more risk when compared with those individuals who
harbor 0 or 1 risk allele [18]. As alleles are added from 2 to 6, the OR increases in a linear
fashion. Many autoimmune diseases have now reported association with IRF5 including an
autoantibody positive RA cases, multiple sclerosis (MS), and ulcerative colitis among others
(Table 1). IRF5 is a transcription factor critical for the mediation of type 1 interferon
inflammatory and immune responses and ultimately results in the production of TNF-a,
IL-12, and IL-6 after toll-like receptor signaling. Additionally, gene expression profiling
studies of SLE, Sjögren’s syndrome, MS, RA, and psoriasis have found the overexpression
of genes induced by the type 1 interferon pathway [19].

3. Genome-wide Association Era
Though several important associations were identified prior to 2006, copious amounts of
data from GWA studies demonstrating genetic associations with disease phenotypes have
flooded the literature in recent years. These studies provide unbiased surveys of the genome
and give researchers the opportunity to take advantage of linkage disequilibrium (LD;
Figure 1). When variants are in high LD with each other (typically with r2>0.80), they are
almost always inherited as a unit called a haplotype block. Crossover events break the LD
between single nucleotide polymorphisms (SNPs) and cause fragmentation of the haplotype
blocks as generations pass. Older populations, such as those of African-decent, tend to have
smaller haplotype blocks since crossover events have led to more fragmentation of the LD
between variants. SNPs that are in LD are correlated with each other, and thus, they can
serve as proxies for one another.

GWA scans exploit LD between SNPs, enabling researchers to assay a manageable number
of variants while still capturing the majority of variation in a given population’s genome.
Since GWA studies test many SNPs for association, a very stringent threshold of statistical
significance is needed to decrease the probability of false-positive associations. Therefore,
the widely accepted threshold for genome-wide significance is p < 5 × 10−8 based on the
Bonferroni correction for multiple testing of 1 million markers (i.e. 0.05 divided by the
number of tests performed) [20]. GWA studies have been very successful in the
identification of novel loci and pathways contributing to autoimmune disease. Currently,
there are approximately 40 ulcerative colitis, 70 Crohn’s disease, 35 RA, 35 SLE, 30 MS,
and 30 T1D risk loci that have been identified (Table 1; Figure 2). However, the effect sizes
reported usually are rather modest, with odds ratios (OR) typically between 1.1 and 1.8.
Interestingly, most of the genes identified to date affect more than one autoimmune
condition (Table 1; Figure 2).

Although the list of genes identified by GWA scans to date is substantial, few studies have
localized the actual causal variant(s). Many genetic associations have been studied in groups
of patients with a particular autoimmune condition (e.g. SLE, RA, T1D, etc.) without taking
into account the heterogeneity of those particular phenotypes. While it is rare that the loci
are specific to a given autoimmune disease, some phenotypes have demonstrated different
effects within the same region. This has led to the hypothesis that these regions increase the
likelihood of developing autoimmune disease in general rather than a specific phenotype
[21]. This highlights the need for clinical subphenotype analysis to further understand how
heritable factors might lead to the development of one disease versus another.

Once the initial association signal has been observed, tight LD between markers can impede
the refinement of the signal to the variant(s) producing the biologically relevant functional
change because of their high correlation with one another. A recent study by Lessard et al.
reported an association with SLE at 11p13 and a haplotype approximately 14kb in size of

Lessard et al. Page 3

Autoimmun Rev. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



strong LD (r2>0.95) between two genes, PDHX and CD44 [22]. This region contains several
putative transcription factor binding sites leading to the hypothesis that the expression of one
or both of the neighboring genes could be affected. Since these variants are strongly
correlated with each other, statistical analysis alone cannot decipher the effects further to
determine the causal allele(s) [22].

The difficulty in localizing observed associations to causal variants as illustrated here has
been mirrored time and time again in GWA studies. Despite this obstacle, however, some
success stories have emerged. Tumor necrosis factor alpha induced protein 3 (TNFAIP3)
was first identified as an RA risk locus [23] and was subsequently reported in SLE [24] and
psoriasis [25] among others. Although association with multiple diseases have reported to
this locus, the risk alleles appear to be unique. TNFAIP3 encodes the protein A20 that plays
a critical role as an attenuator of NF-kB responses. A20 is a dual-functioning enzyme
involved in both the de-ubiquitination of TRAF6, RIP1, RIP2, and IKKgamma/NEMO in
the NF-kB pathway, as well as an E3 ubiquitin ligase targeting proteins for degradation [26].
Further refinement of the initial association reported in SLE narrowed the risk haplotype to a
region of ~109 KB of genomic DNA [26]. Trans-racial mapping, resequencing, and
molecular biology have now refined the list of possible causal variants to a di-allelic
polymorphism where the non-risk TT genotype is converted to the risk A genotype followed
by a deletion (TT/A-) [27]. This region has been found to bind multiple transcription factors,
and reduced binding was observed with the risk A- genotype. Adrianto et al. went on to
show that reduced binding of transcription factors in the presence of the risk allele in SLE
also reduces expression of the mRNA and protein [27]. Reduced attenuation of this pathway
could lead to the prolonged activation of the NF-kB pathway, and ultimately prolonged
immune responses.

4. Common Versus Rare Variants in the search for causal alleles
Debate has recently erupted in the field of genetics between the common disease/common
variant and common disease/multiple rare variant hypotheses. GWA scans are designed to
study common variants typically present at an allele frequency of more than 5% and have
been exceedingly successful in doing this for autoimmune diseases (Figure 2), offering
evidence that the common disease/common variant hypothesis is accurate. However,
because GWA studies lack the sensitivity to precisely identify causal variants in loci tagged
by common variants and because loci identified by GWA studies account for only a small
proportion (typically <10%) of heritability in many diseases [28], researchers now propose
that rare variants may contribute significantly to common diseases. Indeed, rare, highly
penetrant alleles exist in many common diseases including T1D, blood pressure, colorectal
cancer, pancreatitis, Crohn’s disease and heart disease, providing support for the rare variant
hypothesis [29–34].

It is also possible that both common and rare variants exist within the same locus and
independently influence susceptibility. The interferon induced with helicase C domain 1
(IFIH1) gene was first reported as a risk locus for T1D [35]. Resequencing this region in
T1D cases and healthy controls revealed four novel rare variants, each independent from the
other, as well as the common variants detected in the GWA scan [30].

Another possibility is that the common variants found in GWA studies may be the result of
“synthetic” associations (a genetic association of a genotyped common marker arising from
the sum of multiple low-frequency untyped markers) [36]. One example often cited to
support the synthetic association hypothesis is the Crohn’s disease risk locus NOD2
(nucleotide-binding olinomerization domain containing 2) that was identified though linkage
studies in the pre-GWA era. Linkage was first reported to a region of Chromosome 16
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encompassing NOD2 and initially referred to as IBD1 [37]. Subsequent fine-mapping and
resequencing revealed three rare SNPs within the NOD2 locus as the causal variants [29].
GWA scans also identified an association within this region even though the rare alleles
were not typed or tagged well by the genotyping array. The hypothesis is that the total effect
sizes of the rare variants (ORs between 3 for a carrier and 38 for a homozygote) are so large
that even common variants within the region show association [36]. Certainly, more work
needs to be done to elucidate causal variants within regions identified through GWA scans
before this debate can be resolved. However, it is likely that both common and rare variants
contribute to disease risk.

5. The Future of Genetic Research in Autoimmunity
As described above, tremendous progress has been made in our understanding of the
heritable risk factors contributing to the etiology of autoimmune disease. However, a clearer
picture of the autoimmune pathophysiology remains elusive despite these efforts. Many in
the field of genetics have reported that much of the heritable risk of autoimmune disease and
other complex diseases remains to be identified. This is partially because there remains a
lack of causal variant identification for those regions found to be associated through GWA
approaches or incomplete LD between causal variants and the SNPs in the GWA scan.
Moreover, while some Asian GWA scans have been reported (Table 1), the vast majority of
phenotypes have focused on subjects of European-decent, leaving African-derived
populations largely understudied. It is important that this disparity in particular be resolved
since in some diseases, such as SLE, novel loci may contribute to the observed ethnic-
specific differences in disease presentation [38, 39]. Studies in African-derived subjects may
also help localize causal variants for those regions identified in multiple ethnicities due to
the small haplotype bocks.

Few GWA scans have evaluated particular subphenotypes. One reason for this is simply
how rare some of these features are in the diseased population, which can decrease power to
detect association. Larger sample sizes are needed to address this issue in several
phenotypes, including SLE, psoriasis, RA, and others. There also have been examples of
genes that are known to interact with each other or are within pathways associated with the
same disease (e.g. TNFAIP3 and TNIP1 in SLE and psoriasis). A more comprehensive
evaluation of gene-gene interaction is needed to better understand the relationship between
these effects.

By far the biggest impact in the future will be from next generation sequencing (NGS).
Currently, a large-scale effort, the 1000 Genomes Project, is sequencing multiple
populations in search of novel variants in healthy subjects [40]. In addition to the 1000
Genomes Project, studies in many phenotypes are currently utilizing resequencing in regions
found though GWA studies to ensure that the majority of variation has been identified
before embarking on detailed functional studies. One advantage NGS has over GWA studies
is that researchers no longer have to rely on tagging to identify causal polymorphism since
all variants are capture simultaneously. NGS can also be used in whole transcriptome
sequencing to generate not only more detailed expression data (due to the increased dynamic
range as compared to microarrays) from each gene in the genome (annotated or not), but
also capture data on all splice variants present within a given sample and microRNAs.

Other genomic features, such as epigenetic status, need to be evaluated in conjunction with
the associated regions. A comprehensive assessment of genomic methylation patterns as
well as protein and RNA binding to genomic DNA is needed in cases and controls to
evaluate the regulation of expression in the disease state. Researchers must also carefully
evaluate the impact of environmental influences in combination with genetic predisposition
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to disease to better understand the pathophysiological mechanisms underpinning
autoimmune phenotypes.

6. Impact on Clinical Medicine
Revolutions in the study of genetics and genomics will continue to dramatically impact
clinical medicine. Certainly, many of the novel loci and pathways identified will lead to the
development of therapeutics and will determine those patients who will be the best
responders to these new treatments. Once causal variants have been identified, panels of
SNPs can be designed to determine if a patient harbors known heritable risk factors,
providing information for diagnostic and therapeutic purposes. In addition, with the cost of
NGS dropping dramatically as the technology and chemistry improve, it will soon be
practical to sequence the entire human genome as a part of a routine diagnostic panel. The
use of either of these methods as clinical tools raises many ethical and legal questions that
clinicians, researchers, and experts in medical ethics will have to carefully evaluate before
they are ever used routinely.
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Take-Home messages

• The genetic architecture of autoimmune disease is complex with multiple risk
loci involved in the pathophysiology. Substantial overlap in susceptibility genes
has been identified across multiple autoimmune phenotypes.

• The HLA region contributes to the etiology of multiple autoimmune diseases,
but the amount of heritable risk attributed to this region varies widely.

• Genome-wide association studies have been successful in the identification of
risk loci and pathways. However, most causal variant(s) remain elusive.

• Despite the extensive progress in identifying autoimmune disease risk loci, most
of the heritability has not yet been identified. This is likely due to causal
allele(s) and rare variants that remain unidentified.

• Next generation sequencing is rapidly changing our understanding of the human
genome though the identification of rare variants, insertion/deletion
polymorphisms, and whole transcriptome sequencing.

• In the future, it will be possible to run panels of variants to test patients for risk
of developing disease. In addition, the cost and time required to sequence the
human genome are dropping rapidly, and therefore, it ultimately may be used as
a clinical diagnostic tool.
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Figure 1. Typical plot of linkage disequilibrium (LD) between variants found in the human
genome
LD, or correlation, occurs in the genome when variants are inherited non-randomly as units
called haplotype blocks. The degree of LD between variants is typically expressed as r2

values within the diamonds of the plot above where SNPs 1 and 2 have an r2=0.2 and SNPs
5 and 6 have an r2=0.99. The shading of each diamond is also proportional to the r2 value
ranging from white (r2=0) to black (r2=1.0)
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Figure 2. Karyogram of human autosomes depicting loci associated with autoimmune disease
This figure presents select gene/locus associations published since the beginning of the
GWAS era for seven autoimmune diseases (AIDs). Genes presented within this figure either
exceeded the manuscript’s criteria for significance or surpassed genome-wide significance
(typically p < 5 × 10−8). Colored dots next to a gene/locus indicate an association with the
corresponding AID at that chromosomal location. Regions with asterisks indicate the
presence of multiple loci and Table 1 should be consulted to identify the candidate genes
suggested by the authors. Some loci lie in close proximity to one another and as a result
share the same chromosomal marker even though they represent distinct variants. Note the
omission of the MHC region and the sex chromosomes. Like many autoimmune diseases, all
seven AIDs presented here have strong associations with the MHC. In our literature search,
only two associations were found on chromosome X: (rs2664170, Barrett et al.) with T1D
and the association at Xq28 region containing the MECP2/IRAK1 loci with SLE (Webb et
al. and Jacob et al.). CD and UC together are commonly referred to as inflammatory bowel
disease (IBD); however, some studies perform meta-analysis combining CD and UC results
to make an overall IBD combined p-value.
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