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Preface

Autoimmunity is characterized by progressive tissue damage due to pathogenic pro-
cesses whose primary cause is the loss of tolerance of the immune system against 
self-peptides of the organism. The clinical manifestations of such abnormal immune 
responses depend on the affected cells or tissues, resulting in a heterogeneous group 
of severe immune-mediated conditions known as autoimmune diseases.

Autoimmune diseases have a relatively low prevalence individually, and, because 
of that, they are considered rare in most cases. Besides, most of them have a multi-
factorial etiology, in which a complex interaction between environmental and poly-
genic factors is responsible for their development and progression. As a consequence, 
these conditions received little attention during the last century in comparison with 
other more common diseases. However, the overall prevalence of autoimmunity has 
been estimated around 5–8% in Western countries which, together with their chronic 
and disabling nature in most cases, implies a considerable socioeconomic burden 
for both the patients and the healthcare systems.

The increase in the sample size of the study cohorts and the use of novel tech-
nologies for genome-level data analysis during the last decade have substantially 
increased our knowledge of the molecular mechanisms involved in the susceptibil-
ity and expression of autoimmune diseases. It is currently known that common 
human genetic variation and epigenetics are directly involved in their pathophysiol-
ogy. The elucidation of the genetic basis of autoimmunity is definitively helping in 
the identification of accurate diagnostic and prognostic markers as well as in the 
implementation of more effective personalized therapies.

This volume is aimed at providing an updated overview of the recent progress 
gained on the molecular mechanisms that underlie the most relevant rare autoim-
mune diseases, providing a critical point of view about the possible future directions 
by basic and clinical researchers of worldwide renown. The two main reasons that 
motivated us to coordinate this fascinating initiative were the growing interest in 
this topic and the reduced number of documents related to it available in the 
literature.
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1.1  Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune inflammatory dis-
ease. It is clinically very heterogeneous, and multiple organ systems can be 
affected including the skin, kidneys, nervous system, heart, lungs, and the muscu-
loskeletal system, with severity of disease ranging from mild to life-threatening. 
SLE is characterized by the production of autoantibodies against cell nuclear 
components such as DNA, histones, and ribonucleoproteins [1]. The prevalence of 
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SLE is ancestry- dependent, being more prevalent in non-European populations such 
as Afro- Caribbean, African American, and Asian. Ninety percent of patients are 
female, and in a majority of cases, onset of disease occurs during or after childbear-
ing years [2, 3]. Juvenile onset makes up 15–20% of lupus cases, is less biased 
toward females, and is characterized with a more severe outcome and higher disease 
activity [4]. SLE is typically a genetically complex disease that has a strong genetic 
component, with an estimated heritability of 44–66% [5, 6]. Studies have shown 
that twin concordance rates are much higher in monozygotic twins (24–57%) than 
dizygotic twins (2%) [7, 8]. While siblings, parents, and offspring of affected 
patients have a higher than average risk of developing SLE (sibling risk λs of over 
20), heredity is complex and in most cases does not follow a Mendelian pattern of 
inheritance [5, 9]. Earlier onset of disease and severe disease presentation are 
thought to correlate with higher genetic burden [10]. Environmental factors such as 
smoking; exposure to UV light; medication; viral infections, for instance, Epstein-
Barr virus; and hormonal factors (estrogen, prolactin) contribute to the development 
of SLE, making this a multifactorial disease [11]. Pathways that have been impli-
cated in the pathogenesis of SLE through genetic advances include impaired apop-
tosis and autophagy leading to clearance defects and thus increased exposure to 
nuclear autoantigens, type I interferon signaling including nucleic acid sensing and 
interferon (IFN) response, B lymphocyte hyperactivity, and altered immune cell 
signaling. Gaining a better understanding of the underlying pathways resulting in 
the development of SLE through genetic studies will lead the way in the develop-
ment of targeted therapies. The clinically heterogeneous spectrum of SLE may rep-
resent several distinct, but related diseases that may respond differently to treatment 
[12].

1.2  Rare Monogenic Causes of SLE

While SLE is in most cases a complex genetic disease with polygenic inheritance, 
familial forms of lupus have been described as early as the 1950s [13–16]. 
Monogenic causes of lupus are rare, especially in adult cohorts, and disease pheno-
type can vary from classic manifestation. However, they provide clear genotype- 
phenotype relationships that give insight into the underlying biological pathways 
involved. Suggestive of a monogenic cause of lupus or lupus-like disease can be 
early age of onset; severe, atypical, or refractory manifestation; a family history of 
the disease (with Mendelian inheritance); parental consanguinity; or male gender 
[17]. Deficiencies in classical complement components were among the first to be 
described. Mutations have mainly been observed in early pathway components 
C1Q, C1R, C1S, C4, and C2, but some rarer are known in terminal pathway compo-
nents C3 and C5–C9 [18]. While penetrance of these autosomal recessive complete 
complement deficiencies is high, not every individual will develop SLE as a result: 
93% of C1Q deficiencies, 75% of C4 deficiencies, 57% of C1R/C1S deficiencies, 
32–33% of C2 deficiencies, and 10% of C3 deficiencies develop SLE [19]. Of note, 

S. K. Vester and T. J. Vyse
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both C2 and C4’s C4A and C4B genes are clustered on the class III major histocom-
patibility complex (MHC) on chromosome 6 [20]. Complement deficiencies lead to 
an impaired uptake of apoptotic material, and both C1 and C4 deficiencies (which 
cause SLE in more than 75% of cases) are thought to additionally compromise self- 
tolerance [21]. While complement deficiencies have long been recognized as a 
cause of monogenic SLE, mutations in components of nucleic acid sensing, type I 
IFN, immune clearance, and lymphocyte signaling pathways have been discovered. 
This includes impaired clearance through an autosomal dominant inherited muta-
tion in DNASE1 [22] or a DNASE1L3 null mutation, which leads to an autosomal 
recessive form of SLE characterized by pediatric onset of disease and kidney 
involvement [23]. A mutation in PRKCD (protein kinase Cδ) leading to dysregu-
lated apoptosis and B cell proliferation was further found in a family with an auto-
somal recessive form of SLE [24]. Lupus-like diseases such as autosomal dominant 
familial chilblain lupus and autosomal recessive Aicardi-Goutières syndrome have 
shed further light on monogenic causal variants including TREX1, SAMHD1, 
RNASEH2A, RNASEH2B, RNASEH2C, ADAR, and IFIH1 involved in the nucleic 
acid sensing and the type I IFN pathway [25]. Other monogenic causes of lupus-like 
diseases have implicated over 16 further genes [26, 27].

1.3  The MHC

HLA antigens are extremely polymorphic due to selective pressure to present a 
wide variety of antigens. Associations between the MHC and SLE were first 
described in humans as early as 1971 [28, 29]. Classical MHC class II alleles 
HLA-DR3 (DRB1*0301) and HLA-DR2 (DRB1*1501), along with their haplo-
types, have been consistently associated with SLE in European populations [30]. 
Indeed, in female-dominated European cohorts, the MHC region accounts for the 
greatest genetic risk of SLE [31–33]. Assessing causality of variants within the 
MHC is challenging due to the high linkage disequilibrium observed; however, it 
has become apparent that the MHC harbors multiple, distinct association signals 
[34–37].

1.4  Polygenic Causes of SLE

Up until the early 2000s, associations with the MHC, antibody receptor genes (e.g., 
FCGR2A), as well as monogenic complement deficiencies were some of the few 
known genetic factors of SLE [38]. Linkage analysis and candidate gene studies in 
subsequent years yielded further associations, including nine independently identi-
fied and replicated linkages. Meta-analysis of candidate genes confirmed associa-
tion with genes such as PTPN22, IL10, CTLA4, and MBL [39]. However, it was not 
until the advent of new technologies such as genome-wide association studies 
(GWAS) and next-generation sequencing (NGS) that our knowledge of the genetics 

1 Systemic Lupus Erythematosus
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of genetically complex diseases has enormously increased (see Fig. 1.1). A poly-
genic disease such as SLE will harbor contributions from both common and rare 
variants. Such sequence variation can take the form of single nucleotide polymor-
phisms (SNPs), approximately 90% of sequence variants observed, or structural 
variation, for instance, inversions or insertions and deletions, termed copy number 
variations (CNVs) [40, 41]. Common variants have a minor allele frequency (MAF) 
of 5% and over, while low-frequency variants have a MAF of 1–5%, and rare vari-
ants have a frequency of less than 1%. In the following, no distinction will be made 
between rare and low-frequency variants.

1.4.1  Common Variants

Some years ago, the “common disease, common variant” hypothesis was put for-
ward, suggesting that common variants with modest effect size are found through-
out the population and will contribute to complex disease susceptibility [42, 43]. 
GWAS have been extensively utilized to identify association of common variants 
with disease. Studying this association is hampered by the fact that common vari-
ants are found in both healthy controls and in patients, albeit to a lesser extent in the 
control population if a variant is associated with disease risk. Common variants 
have been found to confer only modest risk with 1.1–1.5-fold odds ratios [44]. Both 
the frequency and effect size of a variant have an impact on the sample size needed 
to detect significant associations [45]. The first four GWAS in SLE in European 
populations were published 10 years ago in 2008, after many successful discoveries 
had been made in other autoimmune diseases [31–33, 46]. Nine of these loci were 
independently replicated the following year [47]. Since then a further three GWAS 
have been conducted in European populations [48–50], seven GWAS in Asian pop-
ulations [51–57], and one GWAS in an Amerindian population [58]. Meta-analysis 
and large-scale replication studies soon followed [36, 59–62]. Over half of GWAS 
SNPs have been found to be shared between populations. The genetic risk score of 
SLE is lowest in European populations and increases in Amerindian and South 
Asian populations, then East Asian populations, and is highest in African popula-
tions [61]. This corresponds with prevalence of SLE in different ethnic groups. In 
addition, a large transancestral Immunochip study including European, African, and 
Hispanic Amerindian ancestry identified novel loci and showed that both ancestry- 
dependent and ancestry-independent SLE risk alleles exist [63]. The Immunochip 
includes SNPs and small insertion deletions for autoimmune and inflammatory dis-
eases [64]. While in 2011 only 8.7% of SLE disease heritability could be explained 
[65], over 80 risk loci are now robustly associated with SLE risk at a genome-wide 
significance level of p < 5 × 10−8, calculating the explained heritability of SLE at 
around 28%. Thus, over 50% of observed SLE heritability cannot be explained 
through common variation, a caveat being that heritability is difficult to calculate in 
complex diseases [66]. The results of GWAS have led to the identification and con-
solidation of the three major pathways involved in SLE pathogenesis: waste clear-
ance, IFN signaling, and lymphocyte signaling [26]. Common disease-associated 
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loci are located outside of protein-coding regions, and an overrepresentation of tran-
scription factors has been found among SLE susceptibility genes, suggesting that 
common SLE-associated variants perform regulatory roles [48]. This is in accord 
with the proposed omnigenic model of common variation, which suggests that asso-
ciation signals will be located in gene regulatory networks that impact core disease- 
related genes in relevant cell types [67]. Studying the functional consequences of 
regulatory variation is challenging, as these SNPs can be located in intergenic and 
intragenic regions and have short- and long-range interactions [68]. Expression 
quantitative trait loci (eQTLs) along with colocalization methods are used to map 
GWAS results to find causative variants and genes, where possible [69]. Over 80% 
annotation and analysis of the noncoding genome has been provided by the 
Encyclopedia of DNA Elements, the Roadmap Epigenomics Consortium, and the 
Blueprint Epigenome project [70–72]. How these data can be used to further the 
investigation of SLE risk loci has been recently reviewed [66].

1.4.2  Missing Heritability

The identification of common variants through GWAS has increased our under-
standing of SLE genetics. However, there is still an observable difference in herita-
bility estimated from familial clustering, and that can be explained by genetic 
variants, termed missing heritability. Many explanations might account for this 
missing heritability. This includes common variants with effect sizes below the 
genome-wide significance threshold in current study sizes, rare or low-frequency 
variants that fall below genome-wide significance due to frequency or effect size, 
structural variants such as inversions or CNVs, epigenetic factors, or gene-gene 
interactions such as regulatory haplotypes [73].

1.4.3  Rare Variants

While rare variants self-evidently are individually very uncommon in the popula-
tion, they are collectively common. On average, rare variants are evolutionary 
“younger” than common variants, and thus differences in allele frequencies in dif-
ferent ancestries are more pronounced for rare variants than for common variation 
[74]. However, unaffected individuals will also harbor rare or private mutations 
that may or may not influence disease risk [75]. Rare variants can be both protein-
coding and noncoding; however, non-synonymous protein-coding variants are 
more likely to have a greater effect size than common regulatory variants. It has 
been suggested that these rare variants fall into core disease genes that may make 
druggable targets [67]. High-penetrant rare variants, especially, have the ability to 
lead the way in the development of novel therapies. Designing functional studies 
for protein-coding variants is easier than for regulatory variants, as studying the 
genotype-phenotype relationship is more straightforward. Methods to identify rare 
variation include imputation using HapMap, 1000 Genomes, UK10K, or the 
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Haplotype Reference Consortium and custom genotyping arrays such as 
Immunochip, UK Biobank Axiom Array, or Illumina HumanExome BeadChip 
(although the coverage of rare and low-frequency variants is incomplete). However, 
the most robust and reliable method of detection is using NGS approaches such as 
targeted resequencing, whole- exome sequencing (WES), or whole-genome 
sequencing (WGS) [76].

1.4.3.1  Resequencing of Known Risk Loci
Targeted resequencing of risk loci can yield rare as well as common variants and can 
help to identify functional variants. However, this approach is not always very suc-
cessful, as common loci do not necessarily harbor rare variants. Hunt et  al. [77] 
reported a negligible impact on heritability from rare variants through resequencing 
of known GWAS loci in different autoimmune diseases and suggested that rare vari-
ants might be found in a discrete set of genes. Targeted resequencing has however 
been successfully performed in other diseases such as asthma, psoriasis, or inflam-
matory bowel disease (IBD) [78–80]. Rare variants in the DNA exonuclease TREX1 
(initially discovered in patients with monogenic forms of lupus-like disease) were 
found at a rate of around 2% in European SLE cohorts [81] and 0.5% in a multi- 
ancestral study [82]. In addition, the monogenic risk locus DNASE1 was found to 
harbor further rare variants [83]. Resequencing of the common risk locus ITGAM 
yielded two novel protein-coding variants that, albeit case-specific, were shown to be 
functionally damaging [84]. Resequencing of the IRF8 risk locus revealed variants 
including a deletion-insertion polymorphism, found to be in strong linkage disequi-
librium with two genotyped and SLE-associated SNPs [85], and resequencing of 
IRF5 leads to the discovery of further functional variants [86]. SLE risk-associ-
ated genes IKBKE and IFIH1 were resequenced, and both rare and common 
variation were found [87]. Interestingly, rare variants in the nucleic acid- sensing 
gene IFIH1 were identified as a cause of Aicardi-Goutières syndrome (see Sect. 
1.2), and common genetic variation at this locus also appears to contribute as a 
risk in GWAS [48]. A similar observation has been made at the RNASEH2C locus 
[61, 62].

1.4.3.2  Identification of De Novo Mutations
Due to their low frequency, rare variants may not statistically associate with disease 
but, if pathogenic, will contribute to the development of SLE. A relatively high de 
novo mutation rate has been observed in humans, and each individual is estimated 
to have one de novo mutation in their genome, irrespective of disease status [88]. 
Thus, the simple presence of a de novo mutation is not sufficient to imply causality, 
and differentiation between causal and random variation will need to be made; rare 
variants need not be disease-causing as such [89]. WES and WGS can be used as 
hypothesis-free approaches to study the underlying genetics of disease. WES is cur-
rently less cost-prohibitive than WGS, but only captures 1–2% of the human 
genome, and WGS may perform better at calling exonic variants [90]. Large-scale 
exome-wide case control studies in diseases such as type 2 diabetes or IBD have had 
limited success at detecting rare variant associations [91, 92]. Approaches to 
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overcome this limitation include studying extreme phenotypes [93] or looking for 
de novo mutations in extended families or family trios. A first example of using 
WES in polygenic cases of SLE to discover new candidate genes through de novo 
mutations has recently been published [94]. WES was performed in a cohort of 30 
unrelated patients and their unaffected parents (family trios) with extreme pheno-
type, i.e., severe disease comprising young age of onset and clinical features associ-
ated with poorer outcome. Fourteen novel de novo missense mutations were 
discovered in 11 patients that were absent in the parents and unaffected siblings, 
none of which were among any of the >80 known SLE-associated genes. Some of 
these de novo mutations may be random background variation, which is why it is 
important to further study the variants and genes implicated. Five of the discovered 
variants, all CpG transitions, were observed at very low frequencies in ExAC, and 
five variants were predicted to be possibly damaging (CADD Phred score > 5). For 
one of these genes, C1QTNF4, found to be harboring a p.His198Gln de novo muta-
tion, gene- level metrics support a potential role in SLE, although no further rare 
variant associations were discovered for this gene. C1QTNF4 is constrained against 
missense variants and has a modest CADD score of 12.3. The function of C1QTNF4 
is currently poorly understood; however, it has structural homology with both C1q 
and tumor necrosis factor (TNF) superfamily members, important pathways in the 
pathogenesis of SLE.  Mutant p.His198Gln-C1QTNF4 appears to inhibit some 
TNF-mediated cellular responses in  vitro, including NF-κB activation and TNF- 
induced cell death, suggesting a causal role of this mutation [94]. Another gene 
discovered to harbor a de novo mutation, PRKCB, has previously been reported in a 
consanguineous family with monogenic SLE [24] (see Sect. 1.2). While different 
pathogenicity-predictive tools for protein-coding variation are available [95], exam-
ining the role of rare, noncoding variants in WGS data is challenging. It is difficult 
to predict and test the functional significance of noncoding mutations, many of 
which will have no impact on pathogenesis.

1.4.3.3  Rare Variant Association Analysis
Statistical methods to study association of rare variation comprise genomic region- 
based tests. These include burden tests, variance-component tests, combined tests, 
and others. Burden tests collapse causal genetic variants of the same effect size and 
direction into a single score, e.g., by gene, exon, or family of genes, and a regression 
analysis with the disease can then be performed [76]. Burden of rare variants might 
implicate genes in SLE pathogenesis that have so far not been identified as contrib-
uting to risk. Pullabhatla et al. [94] performed a burden test of rare exonic variants 
on imputed data and found association of rare variants in PRKCD with 
SLE. Furthermore, they observed association of collective rare exonic variants in 
the DNA methyltransferase DNMT3A with anti-dsDNA and renal involvement with 
hypocomplementemia in a subphenotype analysis. Variance-component tests exam-
ine the distribution of genetic effects within a set of variants, independently of the 
direction of the effect, which can be weighted [76]. Wang et al. [87] performed a 
sequence kernel association test to examine association of SLE with rare variants, 
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discovered by resequencing of risk loci IKBKE and IFIH1. The publication was not 
able to show any significant association with these rare variants; however, they 
could be pathogenic in the individual. These association tests have limitations such 
as power, replication, and confounding effects, and using family-based designs can 
be beneficial [76].

1.4.4  Structural Variants

Although structural variants can be both common and rare, GWAS prioritize SNPs 
which make up most of the sequence variation observed. Structural variants such as 
inversions or CNVs will also contribute to lupus susceptibility. CNVs often span 
whole or multiple genes and are likely to have a functional impact [73, 96]. While it 
is not easy to detect CNVs, new analysis tools for NGS data are making studying 
this structural variation easier. In particular interesting for a female-biased disease 
such as SLE, a disease-unrelated autosomal burden of rare CNVs has been reported 
in females [97]. Low copy number of the IgG Fc receptor FCGR3B gene is associ-
ated with SLE susceptibility [98–100]. Additionally, it has been suggested that 
complement C4 with CNV is a risk factor for SLE; however, extensive LD at the 
MHC makes this contentious [101].

1.5  Epigenetic Mechanisms

Epigenetic alterations such as DNA methylation, histone modification, DNA 
hydroxymethylation, or noncoding RNA are known to contribute to the develop-
ment of SLE.  For instance, DNA hypomethylation and thus overexpression of 
inflammatory genes have been observed in SLE [102, 103]. Furthermore, DNA 
hypomethylation of apoptotic DNA appears to be involved in triggering autoanti-
body production [104]. Interestingly, rare variants in the DNA methyltransferase 
DNMT3A have been associated with SLE subphenotypes (see Sect. 1.4.3.2). SLE is 
predominantly observed in females, suggesting a direct or indirect effect of the sex 
chromosomes. Further insight into the role of the X chromosome in SLE has been 
gained from patients with X chromosomal abnormalities. The prevalence of patients 
with Klinefelter syndrome (47,XXY karyotype) in SLE is much higher than in the 
general population, with the risk of Klinefelter patients developing SLE much 
closer to female (46,XX), than male (46,XY) risk [105]. A higher prevalence of SLE 
was also reported in 47,XXX women than 46,XX women [106], and in addition, 
Turner’s syndrome (45,XO) may be underrepresented in SLE [107]. Together these 
findings suggest an X chromosome gene dosage effect [105–107], for which genes 
that escape X inactivation are potential candidates. Six loci harboring common vari-
ants associated with SLE have been identified on the X chromosome, including 
PRPS2, TLR7, CXorf21, LINC01420, NAA10-HCFC1-TMEM187, and IRAK1- 
MECP2, in different populations [48, 108–111].
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1.6  Modified Penetrance Through Regulatory Haplotypes

Both common regulatory and rare protein-coding variants, whether sequence varia-
tion such as SNPs or structural variation, make up the inter-individual variation that 
can lead to the development of disease. While variation is often studied on an indi-
vidual variant level, variation should be viewed in context and not as independent 
entities, as there will, naturally, be interaction between a variant and its allelic set-
ting. Coding variants especially, both in monogenic and polygenic inheritance, 
show a strong genotype-phenotype correlation; however, penetrance is often incom-
plete. While HLA variation has been viewed in terms of haplotypes for many years, 
it makes sense to think of other variation in the context of their regulatory haplo-
type. Noncoding variation has the ability to influence the expression of proteins, 
while pathogenic coding variation will have an impact on a gene’s function. Thus, 
cis-regulatory variation will have an impact on the expression of the pathogenic 
gene product and hence will contribute to the penetrance of directly disease-causing 
variants through dosage effects (see Fig. 1.2). Indeed, there appears to be a negative 
selection of haplotypes that leads to higher penetrance of pathogenic coding vari-
ants through expression or splicing [112]. In a disease such as SLE with high clini-
cal variability, the interplay between regulatory and coding variation may well 
contribute to the clinical heterogeneity observed. Thinking about the complete 
genetic makeup makes sense, especially when considering population differences 
based on ethnicity and thus underlying genetic differences. An example of modified 
penetrance by the interplay of rare and coding variation has been reported in mono-
genic SLE. Demirkaya et al. [113] described a novel, high-penetrant mutation in 
C1R as a cause of familial SLE in a consanguineous Turkish family with four 
affected patients homozygous for a 1 base pair deletion. One of the more severely 
affected patients had more additional SLE risk alleles than the other three affected 
family members (no classic SLE-associated HLA alleles were identified in this fam-
ily), while one young family member with the deletion was not yet affected. Other 
rare monogenic complement deficiencies leading to SLE (see Sect. 1.2) have high, 
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regulatory variantregulatory 
variant

   regulatory
variant

protein-coding variant

regulatory
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Fig. 1.2 Modified penetrance of protein-coding variation through regulatory haplotypes. Penetrance 
of protein-coding variation is dependent on the allelic regulatory haplotype made up of common or 
rare noncoding variants. The amount of mutated, here pathogenic, protein produced is dependent on 
how regulatory variation influences expressivity of this protein. UTR untranslated region
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but incomplete penetrance. This implicates a role of modifying alleles in disease 
expressivity, as rare and common gene variants will collectively contribute to dis-
ease severity. Non-HLA haplotypes that influence risk of developing SLE have been 
described. IRF5 haplotypes, consisting of a splice site variant, an exonic variant, 
and a variant in the 3′ untranslated region (3′UTR), are either protective or confer 
risk, demonstrating that multiple, in this case common, variants can jointly influ-
ence disease risk [86]. Furthermore, a TREX1 risk haplotype made up of common 
variants was relatively common in European ancestry and had a higher frequency of 
neurological involvement [82]. Thus, both risk of developing SLE and severity of 
disease manifestation may be influenced by rare and common variant haplotypes.

1.7  Conclusions

In the last decade, much progress has been made in identifying the underlying 
genetic causes of SLE. Both common and rare variants have been identified; how-
ever, missing heritability is still observed. Initially, high-penetrant rare monogenic 
forms of SLE were described in family-based studies. Common variants have 
mainly been identified through population-based studies, especially since the advent 
of GWAS in 2008. However, identifying functionally causative variants from GWAS 
hits is not trivial, and thus the underlying pathogenic pathways remain poorly 
understood. While the interplay between variants remains understudied, observing 
them in terms of their haplotype is going to find increasing application. Elucidating 
the causal impact of risk variants and their underlying pathogenic pathways is of 
pivotal importance for exploring new therapeutic approaches. Family-based studies, 
especially of extreme phenotypes, yielding high-penetrant rare variants can inform 
new core genes and pathways. These are of particular importance for improving 
care of SLE patients, as these rare variants have the potential to be targeted 
therapeutically.
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2.1  Introduction

Systemic sclerosis or scleroderma (SSc) is a rare and complex autoimmune disease 
(AD) of the connective tissue with heterogeneous clinical manifestations. It 
involves deregulation of the immune system, vascular damage, and extensive col-
lagen deposition leading to fibrosis in the skin and different internal organs [1–3]. 
The main vascular abnormalities include Raynaud’s phenomenon, renal crisis, and 
pulmonary arterial hypertension (PAH). The lungs, heart, kidneys, and esophagus 
are the principal internal organs affected by fibrosis, although this complex disease 
can cause severe dysfunction and failure of almost any internal organ. Esophageal 
dysfunction is the most common visceral complication; however lung involvement 
(both pulmonary hypertension and pulmonary fibrosis) is the leading cause of 
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death [4]. Immune imbalance includes altered lymphocyte activation that leads to 
autoantibody production, aberrant cytokine release, and deregulation of the innate 
immune system. The most frequent autoantibodies are anticentromere (ACA), 
antitopoisomerase (ATA), and anti-RNA polymerase III autoantibodies (ARA) [1, 
2]. Patients with SSc are usually classified into two main subgroups according to 
the extent of skin involvement, limited cutaneous SSc (lcSSc) and diffuse cutane-
ous SSc (dcSSc), with a prevalence of approximately 65% and 35%, respectively. 
In lcSSc, fibrosis is mainly restricted to the skin of the hands, arms, and face. 
Raynaud’s phenomenon appears several years before fibrosis, and pulmonary arte-
rial hypertension (PAH) is frequent. dcSSc is characterized by a more aggressive, 
generalized, and rapidly progressing fibrosis that affects the skin of all body and 
one or more visceral organs [1–3].

The occurrence of this disease is more frequent among females, with a woman- 
to- man ratio ranging from 3:1 to 12:1 [5]. However, a recent study has reported a 
correlation between male sex and a worse outcome of the disease [6]. Large discrep-
ancies exist regarding SSc prevalence, ranging from 7 to 700 cases per million 
inhabitants. These differences may be the result of substantial variation across geo-
graphic regions, ethnic differences, and the lack of consensus on disease diagnosis 
and classification due, mainly, to the disease rarity and to the large spectrum of 
clinical manifestations and severity [6, 7]. The estimated prevalence is higher among 
African descent population than in European descent, and the lowest prevalence has 
been reported in Asian population [7, 8]. Furthermore, it has been observed an 
increasing north to south gradient in SSc incidence across Europe. Interestingly, the 
presence of autoantibodies is also differential across ethnicities being the ACA 
more frequent in European descent population and the anti-U1-ribonucleoprotein 
(RNP) and anti-U3-RNP (fibrillarin) in African descent population [9].

Despite the progress in understanding the pathophysiology of SSc, the patho-
genic mechanisms underlying the disease are still far from its complete knowledge. 
The conventional proposed model suggests that microvascular injury and endothe-
lial cell (EC) activation are the primary events in SSc [10–12]. The hypothesis arises 
from the observation that vascular damage (Raynaud’s phenomenon and edema) is 
the earliest feature that takes place in the disease. However, recent studies have 
strengthened the idea of autoimmunity as a central player in the onset and progres-
sion of the disease [13, 14]. The vascular inflammatory phase is more prominent in 
the earlier stages of SSc. This inflammatory environment and the altered immune 
reaction ultimately give rise to fibroblast activation, excessive deposition of colla-
gen and other components of the extracellular matrix (ECM), and fibrosis [11]. In 
addition, several studies have also implicated reactive oxygen species (ROS) in the 
pathogenesis of SSc [15]. Tissue ischemia and activated fibroblast can lead to the 
generation of these chemical species. In fact, high levels of ROS have been observed 
in SSc, and several in vitro and mouse model studies further support the profibro-
genic effect of these chemical species in fibroblast [15–17].

SSc shows a complex etiology where environmental and genetic factors seem to 
play a major role in the disease [2]. Several environmental factors have been linked 
to SSc susceptibility, such as the exposure to chemical compounds (e.g., silica, 
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organic solvents, welding fumes, or asbestos), infectious agents (e.g., parvovirus 
B19, cytomegalovirus, and Epstein-Barr virus), and pregnancy-related events [2]. 
The current knowledge of the SSc genetic component will be addressed in the fol-
lowing sections of the chapter.

2.2  Genetic Component

The most compelling evidence supporting the existence of a genetic component in 
SSc comes from family co-occurrence. In fact, a positive familial history of SSc is 
the major risk factor reported to date [18]. A study comprising 703 families, first- 
degree relatives and siblings of patients with SSc, showed relative risk ranging from 
10- to 27-fold higher than in the general population [18]. Moreover, familial and twin 
studies have described a high concordance of autoantibody production [19, 20]. In 
addition, there is interesting evidence pointing out to this genetic component, given 
the aforementioned differential prevalence among different populations.

The starting point for understanding the genetic bases of complex diseases is the 
identification of genetic markers associated with them. Single nucleotide polymor-
phisms (SNPs) are variations at a single position in the DNA sequence. The asso-
ciation of these variants with a phenotype is determined by genetic association 
studies, and the most commonly used are bi-allelic SNPs. Case-control studies 
compare the allele frequencies of one or more SNPs between cases (individuals 
affected by the disease) and controls (unaffected individuals). If the difference 
between these frequencies is statistically significant, that is, the p-value for asso-
ciation is below the significance threshold, then the SNP is considered as associ-
ated with the disease [21].

Nowadays, and thanks to advances in the genotyping technology and large 
sequencing projects, the assessment of genetic associations is directed to the entire 
genome in genome-wide association studies (GWASs). They have the main advan-
tage of exploring the genome without the need of having a previous hypothesis 
about the biological processes involved. Besides, they are hypothesis generating, 
since the novel discovered loci may pinpoint to unexpected pathways in the patho-
genesis of the disease. With the help of public information from the HapMap project 
[22] and The 1000 Genomes project [23] through statistical inferences, the determi-
nation of millions of SNPs provides an excellent power to infer common genetic 
variation in European population.

Despite the success provided by GWAS, the majority of associated SNPs have 
modest effect sizes, and they explain a relatively small proportion of the heritability 
of many complex diseases [24]. Therefore, it has been proposed that part of this 
“missing heritability” may lie on non-well covered region from arrays or on rare 
variants with large effect sizes. This issue has led to the design of a genotyping array 
called Immunochip, with the aim to perform a fine-mapping of loci associated with 
immune-mediated diseases in a cost-effective manner [25]. This custom genotyping 
platform contains 196,524 variants (including SNPs and small insertions-deletions) 
for fine-mapping 186 autoimmunity loci and a dense coverage of the HLA region.
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The study of the genetic basis underlying SSc started with candidate gene studies, 
using relatively small sample sizes. In spite of this, some of them were able to identify 
susceptibility genes that are currently considered as firmly associated genes with the 
disease, such as STAT4, IRF5, and the HLA region [26]. In 2010, the first GWAS in 
SSc in European population was published [27]. Our group was involved in the study, 
which identified CD247 as a novel gene associated with SSc risk, and confirmed the 
previously reported associations in the HLA region, STAT4 and IRF5. Interestingly, 
these findings were independently replicated by Dieudé et al. [28]. One year later, a 
second GWAS in SSc was published by Allanore et al., which identified the genes 
TNIP1, RHOB, and PSORS1C1 as novel susceptibility loci [29]. Our group was 
involved in the independent replication of the findings from this second GWAS; how-
ever, we could only confirm TNIP1 signal as a genetic risk factor for SSc [30]. This 
fact highlights the relevance of a high statistical power in GWAS, since GWAS results 
tend to present inflated effect sizes—also called the winner’s curse. Additionally, two 
other SSc GWAS have been performed in Korean population and a trans-ethnic meta-
GWAS involving European and Japanese patients, respectively [31, 32].

Another distinctive trait of GWASs is the so-called gray zone, where SNPs with 
tier 2 associations (p-values between 5 × 10−8 and 5 × 10−3) are located. Follow-up 
studies focusing on this gray zone constitute one of the most useful GWAS data 
mining methods, since possible real association signals could be masked in that area 
due to a lack of statistical power. In SSc, these types of studies have been successful 
in the identification of new risk loci. Bossini-Castillo et al. performed a follow-up 
focused on IL12RB2, a locus that showed suggestive signal of association in the first 
SSc GWAS [33]. Additionally, Martin et  al. carried out a large follow-up of the 
GWAS that included 768 polymorphisms selected from the gray zone, and they 
could identify CSK as a genetic risk factor for SSc and confirmed previously 
reported associations [34]. Taking advantage of our GWAS data, we also performed 
a follow-up of the gray zone from the French GWAS [35] confirming PPARG as a 
susceptibility locus.

The Immunochip has gathered important achievement on the genetic component 
of ADs [36]. Applying this fine-mapping approach, our group identified several new 
SSc susceptibility loci (DNASE1IL3, IL12A, and ATG5) that implicated new bio-
logical pathways into the pathogenesis of the disease, such as apoptosis and autoph-
agy [37]. In addition, an extensive analysis of the HLA region was performed. Later 
on, a second SSc Immunochip performed in an Australian cohort with relatively 
small sample size confirmed some of the reported associations [38].

2.2.1  Systemic Sclerosis Heritability

The large numbers of SNPs provided by GWAS and Immunochip have offered great 
opportunities to develop new methodologies for predicting genetic risk of complex 
diseases in a more accurate way [39–41]. In the case of SSc, efforts in the estimation 
of disease heritability have not provided conclusive reports, mainly due to limited 
sample sizes [26]. The significant SNPs described to date for SSc only account for 
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~20% of the estimated heritability [26]. Thus, it is expected that additional SSc risk 
loci remain to be discovered. Moreover, the number of well-established susceptibil-
ity loci is relatively low in comparison with other ADs, such as rheumatoid arthritis 
(RA) and systemic lupus erythematosus (SLE), for which 101 and 43 loci have been 
validated, respectively [42]. The low prevalence of SSc makes difficult the recruit-
ment of large sample sizes required to reach a high statistical power and to effec-
tively detect association signals. Therefore, the estimation of the heritability of SSc 
is a challenging task.

2.2.2  The HLA Class II in Systemic Sclerosis

The major histocompatibility complex (MHC) is the genetic region that represents 
the strongest genetic association reported to date for SSc [37], as well as for other 
ADs [36]. This implies that disease-associated MHC alleles must be responsible for 
an important portion of the susceptibility to autoimmune processes. In human, the 
MHC is the most polymorphic region of the genome, and its gene products are 
called human leukocyte antigen (HLA).

Several HLA associations with SSc have been previously described, and all of 
them were found in HLA class II genes [36].The analyses according to the autoanti-
body status showed differential associations in the HLA genes [37, 43, 44]. Moreover 
ancestry has been proven to influence the association of classical HLA alleles associ-
ated with SSc [43, 45].This was clearly observed in the study by Arnett et al., which 
included 961 European descent, 178 African descent, and 161 Hispanic descent SSc 
patients and 1000 healthy controls (539 Caucasian, 263 African- American, and 198 
Hispanic subjects) [43]. For the overall disease, the strongest associations were 
found for the DRB1*1104, DQA1*0501, and DQB1*0301 haplotype and DQB1 
alleles encoding a non-leucine residue at position 26 (DQB1 26 epi) in the white and 
Hispanic subjects, while DRB1*0804, DQA1*0501, and DQB1*0301 alleles showed 
the strongest signals for the black cohort. Regarding ATA-positive subgroup, HLA-
DPB1*1301 was the allele most strongly associated in European descent subjects 
(OR = 14), in accordance with previous results [46]. However, HLA-DRB1*1104 
was the allele that showed the most significant association and the highest OR for 
this autoantibody in the Hispanic populations, while HLA-DRB1*1104, HLA-
DQB1 26 epitope, HLA-DRB1*08, and HLA- DRB1*0804 alleles were those that 
explained the association with ATA in the African descent. ACA-positive status was 
best explained by DQB1*0501 and DQB1*26 epi alleles in white and Hispanic sub-
jects. The association analysis in ARA-positive patients revealed significant results 
for HLA-DRB1*0404, HLA- DRB1*11, and HLA-DQB1*03  in European and 
Hispanic populations but for DRB1*08 in African descent population [43].

The most comprehensive analysis of the HLA alleles in SSc reported to date 
was carried out in the first SSc Immunochip study published by Mayes et al. [37]. 
As stated above, this custom genotyping array includes a dense coverage of this 
genomic region, along with novel imputation methods that enable the inference of 
classical HLA alleles, and even polymorphic amino acid positions from genetic data 
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allowed the authors to describe a comprehensive model that explained all the 
observed associations in the region in European descent population. The model 
includes six polymorphic amino acid positions in HLA-DRB1, HLA-DQA1, and 
HLA-DPB1 and seven SNPs independently associated. The analysis also confirmed 
the divergent HLA allele associations between ACA-positive and ATA-positive 
serological subgroups [37]. In the ACA-positive subgroup, the model includes 2 
amino acid associations, the 13th HLA-DRB1 amino acid and the 69th HLA-DQA1 
amino acid, along with 5 single-nucleotide polymorphisms (SNPs). The model pro-
vided for ATA-positive subgroup comprises 4 amino acid associations, the 67th and 
86th positions in HLA-DRB1 and the positions 76th and 96th in HLA-DPB1, along 
with 2 SNPs [37]. Mayes et al. also reported that some of the associated protein resi-
dues cause different amino acid binding preferences in the corresponding peptide 
binding grooves of the HLA molecules. Moreover, the authors functionally charac-
terized the associated SNPs and found cis-expression quantitative trait loci (eQTLs) 
for most of them [37].

2.2.3  Overview of the Genetic Component of Systemic Sclerosis 
Outside the HLA Region: Functional Implication 
of Associated Loci

In this section we would like to revisit and update the firmest genetic associations 
with SSc and their potential functional role in the disease pathophysiology. The 
genetic variants associated with the disease are mainly located in genes related to 
the immune response, either in the innate or in the adaptive immune system. 
However, well-powered high-throughput studies have contributed to highlight 
novel loci with different roles on the disease presentation. In total, there are 20 loci 
outside the HLA region firmly associated to SSc (Table 2.1). Most of them point 
out to genes that are closely related according to their function and that form com-
plex interaction networks, as can be observed in a protein-protein interaction (PPI) 
analysis performed by means of STRING V10.0 (Fig. 2.1) [47]. These molecular 
networks point toward biological pathways involved in SSc onset and 
progression.

2.2.3.1  Innate Immunity, Interferon Signature, and Systemic 
Sclerosis

As it was stated in the introduction section, the inflammatory phase is an important 
feature of SSc pathophysiology [2, 11, 48–50]; therefore, it is not surprising that 
several loci directly involved in the regulation of the inflammatory response repre-
sent SSc susceptibility genes [29, 30, 34, 37, 51] (Table 2.1). This is the case of the 
genes TNFAIP3 and TNIP1, which are involved in the TNF-induced NF-κB proin-
flammatory signaling pathway and participate in the TNF-mediated apoptosis [52].

Type I interferon (IFN) signaling, which is a master regulator of the innate 
immune system, stimulates natural killer and cytotoxic T-cell activity and the matu-
ration of antigen-presenting cells (APCs). The deregulation of this pathway has 
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been observed in the pathogenesis of SSc, where an increased expression and acti-
vation of IFN-inducible genes have been detected in the peripheral blood and skin 
of patients [53]. This evidence, known as “IFN signature,” is similar to the one 
observed in other ADs. It is noteworthy that four IFN regulatory factor (IRF) genes 
have been associated with SSc susceptibility: IRF4, IRF5, IRF7, and IRF8 [27, 37, 
44, 53–61]. These IRFs belong to a family of transcription factors that are activated 
after type I IFN induction [53, 62]. In the first GWAS in Caucasian population per-
formed by Radstake et al. [27], the lead association outside the HLA region was in 
a promoter SNP of IRF5. Moreover, this SNP is associated with lower transcrip-
tional activity of the gene, a longer survival, and less severity of interstitial lung 

Table 2.1 Firm susceptibility loci for systemic sclerosis outside the HLA region

Locus Chr Gene name Index SNP
SNP 
function Reference

Innate immunity, interferon signature, and inflammation
IRF5 7 IFN regulatory factor 5 rs36073657 Intronic [27, 37, 

53–58]
IRF8 16 IFN regulatory factor 8 rs11117420 Intergenic [44, 59]
IRF7 11 IFN regulatory factor 7 rs1131665 Exonic [60]
IRF4 6 IFN regulatory factor 4 rs9328192 Intergenic [61]
PRDM1 6 PR/SET domain 1 rs4134466 Intergenic [32]
TNFAIP3 6 Tumor necrosis factor 

alpha-induced protein
rs2230926 Exonic [34, 37, 51]

TNIP1 5 TNFAIP3-interacting 
protein

rs3792783 Intronic [29, 30]

Adaptive immune response: B- and T-cell proliferation, survival, and cytokine production
TNFSF4 1 Tumor necrosis factor ligand 

superfamily member 4
rs11576547 ncRNA_

intronic
[69–71]

CD247 1 T-cell receptor zeta chain rs2056626 Intronic [27–29]
CSK 15 C-Src rs1378942 Intronic [34]
STAT4 2 Signal transducer and 

activator of transcription 4
rs3821236 Intronic [27, 29]

TYK2 19 Tyrosine kinase 2 rs34536443 Exonic [80]
IL12A 3 Interleukin 12A rs589446, 

rs77583790
ncRNA_
intronic

[37]

IL12RB2 1 Interleukin 12 receptor, beta 
2

rs3790566 Intronic [33]

IL12RB1 19 Interleukin 12 receptor, beta 
1

rs436857 UTR5 [79]

BLK 8 BLK proto-oncogene, Src 
family tyrosine kinase

rs2736340 Intergenic [74–76]

Apoptosis, autophagy, fibrosis, and others
DNASE1L3 3 Deoxyribonuclease I-like 3 rs35677470 Exonic [37, 38]
ATG5 6 Autophagy related 5 rs9373839 Intronic [37]
PPARG 3 Peroxisome proliferator- 

activated receptor gamma
rs310746 Intergenic [35, 81]

GSDMA 17 Gasdermin A rs3894194 Exonic [32]

Chr chromosome, SNP single-nucleotide polymorphism
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disease (ILD) in SSc patients [63]. Confirming the connection of SSc with the “IFN 
signature,” the gene PRDM1 has been recently associated with the disease in a 
trans-ethnic meta-GWAS [32]. The protein encoded by this gene acts as a repressor 
of the β-interferon gene expression.

2.2.3.2  Adaptive Immune Response: B- and T-Cell Proliferation, 
Survival, and Cytokine Production

Several components of the adaptive immune response are also involved in the dis-
ease pathophysiology, and this is reflected, as well, in the genes that have been 
associated with the disease. T cells show an activated phenotype and signatures of 
antigen-driven cell expansion [64–66]. Specifically, most of the cells observed in 
SSc infiltrates are T helper 2 (Th2) cells, characterized by secretion of profibrotic 
mediators. Moreover, a Th1-Th2 cytokine imbalance with higher levels of Th2 cyto-
kines has been described in patients with SSc [67]. B cells, on the other hand, show 
dysregulated homeostasis and are also detected in skin and lung infiltrate of patients 

TNIP1

DNASE1L3

GSDMA

PPARG

TNFAIP3

TYK2

IL12RB2

ATG5

IRF7

STAT4

IL12A

IL12RB1

CSK

BLK

CD247

HLA-DQA1

HLA-DPB1HLA-DRB1

TNFSF4

IRF8

IRF4

IRF5

PRDM1

Fig. 2.1 Protein-protein interaction network of systemic sclerosis risk loci performed by means 
of STRING V10.0. The thickness of the lines depicts the confidence of data supporting the interac-
tion. Proteins related to the immune system are highly connected. Additional associated loci high-
light new biological processes also relevant in the disease pathogenesis
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with SSc [68]. Their role is not only restricted to autoantibodies secretion but also 
the production of IL-6, which directly stimulates fibroblasts.

T- and B-cell biology, including cell proliferation, differentiation, survival, and 
activation, are represented in SSc risk factors [69–71]. For instance, TNFSF4 is 
involved in T- and B-cell proliferation and survival [72]; the gene CD247 encodes 
the T-cell receptor subunit that forms the T-cell receptor-CD3 complex (TCR-CD3 
complex), which is negatively regulated by CSK and LYP [27, 73].The gene BLK, 
also associated with SSc genetic predisposition [74–76], is a tyrosine kinase 
involved in B-lymphocyte development, differentiation, and BCR signaling [77]. 
The gene PRDM1, also known as B-lymphocyte-induced maturation protein 1, is 
very important for epithelial and B-cell differentiation [78]. Additionally, IL12/23 
and Jak/STAT signaling pathways are also overrepresented by the genetic back-
ground of SSc with associated genes such as IL12A, IL12RB1, IL12RB2, STAT4, 
and TYK2 [27, 33, 37, 79, 80] (Table 2.1).

2.2.3.3  Apoptosis, Autophagy, and Fibrosis
Different loci in pathways belonging to the immune system are the main source of 
genetic risk factors in SSc. However, additional associated genes highlight new bio-
logical processes also relevant in the disease pathogenesis [32, 35, 37, 38, 81]. The 
gene DNASE1L3 is a member of the deoxyribonuclease I family and is involved in 
DNA fragmentation, DNA breakdown during apoptosis, and the generation of the 
resected double-strand DNA breaks in immunoglobulin genes [82–84]. Another 
gene recently associated with SSc susceptibility is the GSDMA [32]. GSDM family 
proteins have a role in the regulation of cellular differentiation, likely through pro-
grammed cell death [85]. Consequently, the impaired clearance of degraded DNA 
and apoptosis emerges as a new process related to the disease.

Moreover, autophagy is a central player in the immune system. It is involved in 
B- and T-cell development, survival, cytokine production, and pathogen clearance 
[86]. In this sense, the gene product of ATG5, a gene associated with SSc [37], is 
involved in autophagosome elongation.

Finally, excessive collagen deposition and fibrosis is one of the hallmarks of SSc. 
Therefore, it can be expected that genes related to this process are also associated 
with the disease [35]. This is the case of the locus PPARG, which encodes the per-
oxisome proliferator-activated receptor gamma. Recent studies have shown the anti-
fibrotic role of this molecule in vitro and in vivo [87–90] and the impairment on its 
expression and function in SSc patients [91].

2.2.3.4  Functional Characterization of Disease-Associated Variants
In order to provide insights into the pathological mechanisms leading to a complex 
disease, it becomes necessary to assign the functional consequences of the statisti-
cal associated variants. The first challenge is to identify the causal variants that are 
responsible for the genetic associations, as not always correspond to the lead 
SNP. Once the variants are identified, the next step is to connect the genetic markers 
to likely target genes. The development of ambitious projects focused on improving 
the functional characterization of human genome and epigenome, including the 
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ENCODE, the NIH Roadmap Epigenomics, and GTEx, has offered a valuable 
source of data for SNP functional annotation and prioritization [92–94].

In the case of SSc, several associated SNPs constitute missense variants, and their 
functional effect has been previously addressed. For instance, in vitro studies have 
shown that rs35677470 minor allele at DNASE1L3 leads to an inactive form of the 
protein that lacks its DNase activity [95]. Similarly, TYK2 rs34536443 minor allele 
leads to a near-complete loss of TYK2 catalytic function, and consequently it impairs 
cytokine signaling [96]. Another example is the non-synonymous SNP at TNFAIP3 
that results in a phenylalanine-to-cysteine change that reduces the inhibitory activity 
of TNFAIP3 at the NF-κB signaling pathway [97]. However, the vast majority of 
associated SNPs lie in noncoding regions of the genome, as is the case for other 
complex traits [98]. These SNPs might be linked to regulatory functions, rather than 
affecting the encoded protein themselves. In this sense, the different alleles might 
correlate with changes on gene expression, also known as eQTL, or overlap with 
chromatin marks of active enhancers (H3K4me1, H3K27ac), active promoters 
(H3K4me3, H3K9ac) [99], DNase hypersensitivity sites, or TF-binding sites.

Most of SSc-index SNPs overlap with promoter and enhancer histone marks in 
relevant cell types for the disease, such as primary T helper cells, primary B cells, 
primary CD8+ cells, monocytes, and fibroblasts. This fact confirms that most of the 
genetic variations involved in the susceptibility to SSc modulate transcriptional 
regulatory mechanisms. Additionally, many of the associated variants correlate with 
eQTLs, thus altering gene expression for the a priori candidate gene. Nonetheless, 
we also found genetic variants affecting additional genes. As an example, DNASE1L3 
rs35677470 missense variant—that leads to an inactive enzyme—correlates with 
eQTL for the neighbor genes PXK and RP11-802O23.3. These observations high-
light that assigning association signals to the “nearest gene” is not a suitable strat-
egy for some SNPs and that the functional role of certain signals may spread out to 
different target genes.

In addition to variants mapping in introns and intergenic regions, there are a 
number of SNPs located in noncoding RNAs (ncRNAs), in UTR3′ or UTR5′ 
regions, upstream or downstream the genes, and in splicing sites. This suggests that 
variants affecting mRNA processing or stability may provide additional insights 
into the regulatory mechanisms affecting expression of disease-implicated loci. 
Emerging evidence suggests a role of ncRNAs in autoimmunity [100], and there are 
also increasing evidence for the role of genetic variants underlying transcript splic-
ing (splicing quantitative trait loci or sQTLs) in common diseases [101].

The establishment of the regulatory mechanisms underlying a genetic associa-
tion is not always straightforward [102]. Interestingly, due to the LD patterns, the 
functional annotation of the index SNP might be linked to a different “SNP cate-
gory.” For instance, the index SNP at IL12RB1 is a promoter variant, and its minor 
allele showed to decrease IL12RB1 mRNA levels [103]. This SNP is in high LD 
with other exonic non-synonymous, intronic, UTR3′, and splicing variants. For 
example, the variant rs393548 that leads to an alternative 3′ acceptor splice site 
results in a different transcript for the gene.
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The functional characterization on epigenetic marks and relevant cell types or 
tissues for the disease adds valuable information to accurately design functional 
studies that will help us to move from genetic associations to disease genes and 
mechanisms [104].

2.3  Conclusions and Future Directions

Genetic association studies have been successful in determining genetic regions 
containing variants associated with SSc risk; however, assigning them a functional 
effect and uncovering the disease-causing genes is still a challenging task [26]. 
Until now, GWAS findings are assigned to the closest or most compelling local 
gene; however, the majority of associated variants lie in noncoding regions of the 
genome and are known to be enriched in enhancer regions, which are cell-type spe-
cific [26, 93]. Enhancers can regulate gene transcription by physical interactions 
with their target genes, and these can operate over large genetic distances [105]. 
Therefore, to fully translate these findings into mechanisms of disease and potential 
therapeutic targets, one of the next fundamental steps is to confidently link the asso-
ciated genomic regions to genes and cell types on which they have their disease- 
causing effect.

Recent advances in molecular biology techniques, including nuclear dynamic 
technologies, have enabled the design of functional experiments to address these 
questions. Chromosome conformation capture technology (Capture Hi-C) has been 
successfully used to detect patterns of long-range interactions at the genome-wide 
level at high resolution between chromosomal regions in several types of cancer 
[106–108] and in four autoimmune diseases: RA, type 1 diabetes (T1D), psoriatic 
arthritis (PsA), and juvenile idiopathic arthritis (JIA) [109]. Therefore, Capture 
Hi-C (CHi-C) has been shown to be an effective approach to link noncoding varia-
tion to target genes, which is an important challenge for genetics and genomics of 
complex diseases such as SSc [108, 110].

References

 1. Gabrielli A, Avvedimento EV, Krieg T.  Scleroderma. N Engl J Med. 2009; 
360(19):1989–2003.

 2. Katsumoto TR, Whitfield ML, Connolly MK. The pathogenesis of systemic sclerosis. Annu 
Rev Pathol. 2011;6:509–37.

 3. Denton CP, Khanna D. Systemic sclerosis. Lancet. 2017;390(10103):1685–99.
 4. Steen VD, Medsger TA. Changes in causes of death in systemic sclerosis, 1972-2002. Ann 

Rheum Dis. 2007;66(7):940–4.
 5. Amur S, Parekh A, Mummaneni P. Sex differences and genomics in autoimmune diseases. J 

Autoimmun. 2012;38(2–3):J254–65.
 6. Elhai M, Avouac J, Walker UA, Matucci-Cerinic M, Riemekasten G, Airo P, et al. A gender 

gap in primary and secondary heart dysfunctions in systemic sclerosis: a EUSTAR prospec-
tive study. Ann Rheum Dis. 2016;75(1):163–9.

2 Systemic Sclerosis



30

 7. Ranque B, Mouthon L.  Geoepidemiology of systemic sclerosis. Autoimmun Rev. 
2010;9(5):A311–8.

 8. Reveille JD. Ethnicity and race and systemic sclerosis: how it affects susceptibility, severity, 
antibody genetics, and clinical manifestations. Curr Rheumatol Rep. 2003;5(2):160–7.

 9. Reveille JD, Fischbach M, McNearney T, Friedman AW, Aguilar MB, Lisse J, et al. Systemic 
sclerosis in 3 US ethnic groups: a comparison of clinical, sociodemographic, serologic, and 
immunogenetic determinants. Semin Arthritis Rheum. 2001;30(5):332–46.

 10. Trojanowska M. Cellular and molecular aspects of vascular dysfunction in systemic sclerosis. 
Nat Rev Rheumatol. 2010;6(8):453–60.

 11. Varga J, Abraham D. Systemic sclerosis: a prototypic multisystem fibrotic disorder. J Clin 
Invest. 2007;117(3):557–67.

 12. Allanore Y, Simms R, Distler O, Trojanowska M, Pope J, Denton CP, et al. Systemic sclero-
sis. Nat Rev Dis Primers. 2015;1:15002.

 13. Shah AA, Rosen A, Hummers L, Wigley F, Casciola-Rosen L. Close temporal relationship 
between onset of cancer and scleroderma in patients with RNA polymerase I/III antibodies. 
Arthritis Rheum. 2010;62(9):2787–95.

 14. Airo P, Ceribelli A, Cavazzana I, Taraborelli M, Zingarelli S, Franceschini F. Malignancies 
in Italian patients with systemic sclerosis positive for anti-RNA polymerase III antibodies. J 
Rheumatol. 2011;38(7):1329–34.

 15. Gabrielli A, Svegliati S, Moroncini G, Pomponio G, Santillo M, Avvedimento EV. Oxidative 
stress and the pathogenesis of scleroderma: the Murrell’s hypothesis revisited. Semin 
Immunopathol. 2008;30(3):329–37.

 16. Servettaz A, Goulvestre C, Kavian N, Nicco C, Guilpain P, Chereau C, et  al. Selective 
oxidation of DNA topoisomerase 1 induces systemic sclerosis in the mouse. J Immunol. 
2009;182(9):5855–64.

 17. Sambo P, Baroni SS, Luchetti M, Paroncini P, Dusi S, Orlandini G, et al. Oxidative stress 
in scleroderma: maintenance of scleroderma fibroblast phenotype by the constitutive up- 
regulation of reactive oxygen species generation through the NADPH oxidase complex path-
way. Arthritis Rheum. 2001;44(11):2653–64.

 18. Arnett FC, Cho M, Chatterjee S, Aguilar MB, Reveille JD, Mayes MD. Familial occurrence 
frequencies and relative risks for systemic sclerosis (scleroderma) in three United States 
cohorts. Arthritis Rheum. 2001;44(6):1359–62.

 19. Feghali-Bostwick C, Medsger TA Jr, Wright TM. Analysis of systemic sclerosis in twins 
reveals low concordance for disease and high concordance for the presence of antinuclear 
antibodies. Arthritis Rheum. 2003;48(7):1956–63.

 20. Assassi S, Arnett FC, Reveille JD, Gourh P, Mayes MD. Clinical, immunologic, and genetic 
features of familial systemic sclerosis. Arthritis Rheum. 2007;56(6):2031–7.

 21. Lewis CM. Genetic association studies: design, analysis and interpretation. Brief Bioinform. 
2002;3(2):146–53.

 22. Frazer KA, Ballinger DG, Cox DR, Hinds DA, Stuve LL, Gibbs RA, et al. A second genera-
tion human haplotype map of over 3.1 million SNPs. Nature. 2007;449(7164):851–61.

 23. Abecasis GR, Auton A, Brooks LD, DePristo MA, Durbin RM, Handsaker RE, et al. An inte-
grated map of genetic variation from 1,092 human genomes. Nature. 2012;491(7422):56–65.

 24. Eichler EE, Flint J, Gibson G, Kong A, Leal SM, Moore JH, et  al. Missing heritabil-
ity and strategies for finding the underlying causes of complex disease. Nat Rev Genet. 
2010;11(6):446–50.

 25. de Bakker PI, Ferreira MA, Jia X, Neale BM, Raychaudhuri S, Voight BF. Practical aspects 
of imputation-driven meta-analysis of genome-wide association studies. Hum Mol Genet. 
2008;17(R2):R122–8.

 26. Bossini-Castillo L, Lopez-Isac E, Martin J.  Immunogenetics of systemic sclerosis: defin-
ing heritability, functional variants and shared-autoimmunity pathways. J Autoimmun. 
2015;64:53–65.

 27. Radstake TR, Gorlova O, Rueda B, Martin JE, Alizadeh BZ, Palomino-Morales R, et  al. 
Genome-wide association study of systemic sclerosis identifies CD247 as a new susceptibil-
ity locus. Nat Genet. 2010;42(5):426–9.

E. López-Isac et al.



31

 28. Dieude P, Boileau C, Guedj M, Avouac J, Ruiz B, Hachulla E, et al. Independent replication 
establishes the CD247 gene as a genetic systemic sclerosis susceptibility factor. Ann Rheum 
Dis. 2011;70(9):1695–6.

 29. Allanore Y, Saad M, Dieude P, Avouac J, Distler JH, Amouyel P, et al. Genome-wide scan 
identifies TNIP1, PSORS1C1, and RHOB as novel risk loci for systemic sclerosis. PLoS 
Genet. 2011;7(7):e1002091.

 30. Bossini-Castillo L, Martin JE, Broen J, Simeon CP, Beretta L, Gorlova OY, et al. Confirmation 
of TNIP1 but not RHOB and PSORS1C1 as systemic sclerosis risk factors in a large indepen-
dent replication study. Ann Rheum Dis. 2013;72(4):602–7.

 31. Zhou X, Lee JE, Arnett FC, Xiong M, Park MY, Yoo YK, et al. HLA-DPB1 and DPB2 are 
genetic loci for systemic sclerosis: a genome-wide association study in Koreans with replica-
tion in North Americans. Arthritis Rheum. 2009;60(12):3807–14.

 32. Terao C, Kawaguchi T, Dieude P, Varga J, Kuwana M, Hudson M, et al. Transethnic meta- 
analysis identifies GSDMA and PRDM1 as susceptibility genes to systemic sclerosis. Ann 
Rheum Dis. 2017;76(6):1150–8.

 33. Bossini-Castillo L, Martin JE, Broen J, Gorlova O, Simeon CP, Beretta L, et al. A GWAS 
follow-up study reveals the association of the IL12RB2 gene with systemic sclerosis in 
Caucasian populations. Hum Mol Genet. 2012;21(4):926–33.

 34. Martin JE, Broen JC, Carmona FD, Teruel M, Simeon CP, Vonk MC, et al. Identification of 
CSK as a systemic sclerosis genetic risk factor through Genome Wide Association Study 
follow-up. Hum Mol Genet. 2012;21(12):2825–35.

 35. Lopez-Isac E, Bossini-Castillo L, Simeon CP, Egurbide MV, Alegre-Sancho JJ, Callejas JL, 
et  al. A genome-wide association study follow-up suggests a possible role for PPARG in 
systemic sclerosis susceptibility. Arthritis Res Ther. 2014;16(1):R6.

 36. Parkes M, Cortes A, van Heel DA, Brown MA. Genetic insights into common pathways and 
complex relationships among immune-mediated diseases. Nat Rev Genet. 2013;14(9):661–73.

 37. Mayes MD, Bossini-Castillo L, Gorlova O, Martin JE, Zhou X, Chen WV, et al. Immunochip 
analysis identifies multiple susceptibility loci for systemic sclerosis. Am J Hum Genet. 
2014;94(1):47–61.

 38. Zochling J, Newell F, Charlesworth JC, Leo P, Stankovich J, Cortes A, et al. An Immunochip- 
based interrogation of scleroderma susceptibility variants identifies a novel association at 
DNASE1L3. Arthritis Res Ther. 2014;16(5):438.

 39. Lee SH, Wray NR, Goddard ME, Visscher PM. Estimating missing heritability for disease 
from genome-wide association studies. Am J Hum Genet. 2011;88(3):294–305.

 40. Yang J, Benyamin B, McEvoy BP, Gordon S, Henders AK, Nyholt DR, et al. Common SNPs 
explain a large proportion of the heritability for human height. Nat Genet. 2010;42(7):565–9.

 41. Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for genome-wide complex trait 
analysis. Am J Hum Genet. 2011;88(1):76–82.

 42. Okada Y, Wu D, Trynka G, Raj T, Terao C, Ikari K, et al. Genetics of rheumatoid arthritis 
contributes to biology and drug discovery. Nature. 2014;506(7488):376–81.

 43. Arnett FC, Gourh P, Shete S, Ahn CW, Honey RE, Agarwal SK, et al. Major histocompat-
ibility complex (MHC) class II alleles, haplotypes and epitopes which confer susceptibility or 
protection in systemic sclerosis: analyses in 1300 Caucasian, African-American and Hispanic 
cases and 1000 controls. Ann Rheum Dis. 2010;69(5):822–7.

 44. Gorlova O, Martin JE, Rueda B, Koeleman BP, Ying J, Teruel M, et al. Identification of novel 
genetic markers associated with clinical phenotypes of systemic sclerosis through a genome- 
wide association strategy. PLoS Genet. 2011;7(7):e1002178.

 45. Martin JE, Bossini-Castillo L, Martin J. Unraveling the genetic component of systemic scle-
rosis. Hum Genet. 2012;131(7):1023–37.

 46. Gilchrist FC, Bunn C, Foley PJ, Lympany PA, Black CM, Welsh KI, et al. Class II HLA 
associations with autoantibodies in scleroderma: a highly significant role for HLA-DP. Genes 
Immun. 2001;2(2):76–81.

 47. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, et al. STRING 
v10: protein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 
2015;43(Database issue):D447–52.

2 Systemic Sclerosis



32

 48. Abraham DJ, Krieg T, Distler J, Distler O. Overview of pathogenesis of systemic sclerosis. 
Rheumatology (Oxford). 2009;48(Suppl 3):iii3–7.

 49. Gu YS, Kong J, Cheema GS, Keen CL, Wick G, Gershwin ME. The immunobiology of sys-
temic sclerosis. Semin Arthritis Rheum. 2008;38(2):132–60.

 50. Matucci-Cerinic M, Kahaleh B, Wigley FM. Review: evidence that systemic sclerosis is a 
vascular disease. Arthritis Rheum. 2013;65(8):1953–62.

 51. Dieude P, Guedj M, Wipff J, Ruiz B, Riemekasten G, Matucci-Cerinic M, et al. Association 
of the TNFAIP3 rs5029939 variant with systemic sclerosis in the European Caucasian popu-
lation. Ann Rheum Dis. 2010;69(11):1958–64.

 52. Catrysse L, Vereecke L, Beyaert R, van Loo G.  A20  in inflammation and autoimmunity. 
Trends Immunol. 2014;35(1):22–31.

 53. Wu M, Assassi S.  The role of type 1 interferon in systemic sclerosis. Front Immunol. 
2013;4:266.

 54. Ito I, Kawaguchi Y, Kawasaki A, Hasegawa M, Ohashi J, Hikami K, et al. Association of a 
functional polymorphism in the IRF5 region with systemic sclerosis in a Japanese popula-
tion. Arthritis Rheum. 2009;60(6):1845–50.

 55. Dieude P, Guedj M, Wipff J, Avouac J, Fajardy I, Diot E, et al. Association between the IRF5 
rs2004640 functional polymorphism and systemic sclerosis: a new perspective for pulmonary 
fibrosis. Arthritis Rheum. 2009;60(1):225–33.

 56. Dieude P, Dawidowicz K, Guedj M, Legrain Y, Wipff J, Hachulla E, et  al. Phenotype- 
haplotype correlation of IRF5 in systemic sclerosis: role of 2 haplotypes in disease severity. 
J Rheumatol. 2010;37(5):987–92.

 57. Carmona FD, Martin JE, Beretta L, Simeon CP, Carreira PE, Callejas JL, et al. The systemic 
lupus erythematosus IRF5 risk haplotype is associated with systemic sclerosis. PLoS One. 
2013;8(1):e54419.

 58. Kottyan LC, Zoller EE, Bene J, Lu X, Kelly JA, Rupert AM, et al. The IRF5-TNPO3 associa-
tion with systemic lupus erythematosus has two components that other autoimmune disorders 
variably share. Hum Mol Genet. 2015;24(2):582–96.

 59. Arismendi M, Giraud M, Ruzehaji N, Dieude P, Koumakis E, Ruiz B, et al. Identification 
of NF-kappaB and PLCL2 as new susceptibility genes and highlights on a potential role 
of IRF8 through interferon signature modulation in systemic sclerosis. Arthritis Res Ther. 
2015;17:71.

 60. Carmona FD, Gutala R, Simeon CP, Carreira P, Ortego-Centeno N, Vicente-Rabaneda E, 
et al. Novel identification of the IRF7 region as an anticentromere autoantibody propensity 
locus in systemic sclerosis. Ann Rheum Dis. 2012;71(1):114–9.

 61. Lopez-Isac E, Martin JE, Assassi S, Simeon CP, Carreira P, Ortego-Centeno N, et al. Brief 
report: IRF4 newly identified as a common susceptibility locus for systemic sclerosis and 
rheumatoid arthritis in a cross-disease meta-analysis of genome-wide association studies. 
Arthritis Rheumatol. 2016;68(9):2338–44.

 62. Honda K, Taniguchi T. IRFs: master regulators of signalling by Toll-like receptors and cyto-
solic pattern-recognition receptors. Nat Rev Immunol. 2006;6(9):644–58.

 63. Sharif R, Mayes MD, Tan FK, Gorlova OY, Hummers LK, Shah AA, et al. IRF5 polymorphism 
predicts prognosis in patients with systemic sclerosis. Ann Rheum Dis. 2012;71(7):1197–202.

 64. Yurovsky VV, Wigley FM, Wise RA, White B. Skewing of the CD8+ T-cell repertoire in the 
lungs of patients with systemic sclerosis. Hum Immunol. 1996;48(1–2):84–97.

 65. Sakkas LI, Xu B, Artlett CM, Lu S, Jimenez SA, Platsoucas CD. Oligoclonal T cell expan-
sion in the skin of patients with systemic sclerosis. J Immunol. 2002;168(7):3649–59.

 66. Farge D, Henegar C, Carmagnat M, Daneshpouy M, Marjanovic Z, Rabian C, et al. Analysis 
of immune reconstitution after autologous bone marrow transplantation in systemic sclerosis. 
Arthritis Rheum. 2005;52(5):1555–63.

 67. Wynn TA.  Fibrotic disease and the T(H)1/T(H)2 paradigm. Nat Rev Immunol. 
2004;4(8):583–94.

 68. Bosello S, De Luca G, Tolusso B, Lama G, Angelucci C, Sica G, et al. B cells in systemic 
sclerosis: a possible target for therapy. Autoimmun Rev. 2011;10(10):624–30.

E. López-Isac et al.



33

 69. Bossini-Castillo L, Broen JC, Simeon CP, Beretta L, Vonk MC, Ortego-Centeno N, et al. A 
replication study confirms the association of TNFSF4 (OX40L) polymorphisms with sys-
temic sclerosis in a large European cohort. Ann Rheum Dis. 2011;70(4):638–41.

 70. Gourh P, Arnett FC, Tan FK, Assassi S, Divecha D, Paz G, et al. Association of TNFSF4 
(OX40L) polymorphisms with susceptibility to systemic sclerosis. Ann Rheum Dis. 
2010;69(3):550–5.

 71. Coustet B, Bouaziz M, Dieude P, Guedj M, Bossini-Castillo L, Agarwal S, et al. Independent 
replication and meta analysis of association studies establish TNFSF4 as a susceptibility gene 
preferentially associated with the subset of anticentromere-positive patients with systemic 
sclerosis. J Rheumatol. 2012;39(5):997–1003.

 72. Gourh P, Tan FK, Assassi S, Ahn CW, McNearney TA, Fischbach M, et al. Association of 
the PTPN22 R620W polymorphism with anti-topoisomerase I- and anticentromere antibody- 
positive systemic sclerosis. Arthritis Rheum. 2006;54(12):3945–53.

 73. Zhong MC, Veillette A.  Immunology: Csk keeps LYP on a leash. Nat Chem Biol. 
2012;8(5):412–3.

 74. Gourh P, Agarwal SK, Martin E, Divecha D, Rueda B, Bunting H, et al. Association of the 
C8orf13-BLK region with systemic sclerosis in North-American and European populations. 
J Autoimmun. 2010;34(2):155–62.

 75. Ito I, Kawaguchi Y, Kawasaki A, Hasegawa M, Ohashi J, Kawamoto M, et al. Association of 
the FAM167A-BLK region with systemic sclerosis. Arthritis Rheum. 2010;62(3):890–5.

 76. Coustet B, Dieude P, Guedj M, Bouaziz M, Avouac J, Ruiz B, et al. C8orf13-BLK is a genetic 
risk locus for systemic sclerosis and has additive effects with BANK1: results from a large 
French cohort and meta-analysis. Arthritis Rheum. 2011;63(7):2091–6.

 77. Texido G, Su IH, Mecklenbrauker I, Saijo K, Malek SN, Desiderio S, et  al. The B-cell- 
specific Src-family kinase Blk is dispensable for B-cell development and activation. Mol Cell 
Biol. 2000;20(4):1227–33.

 78. Ott G, Rosenwald A, Campo E. Understanding MYC-driven aggressive B-cell lymphomas: 
pathogenesis and classification. Blood. 2013;122(24):3884–91.

 79. Lopez-Isac E, Bossini-Castillo L, Guerra SG, Denton C, Fonseca C, Assassi S, et  al. 
Identification of IL12RB1 as a novel systemic sclerosis susceptibility locus. Arthritis 
Rheumatol. 2014;66(12):3521–3.

 80. Lopez-Isac E, Campillo-Davo D, Bossini-Castillo L, Guerra SG, Assassi S, Simeon CP, et al. 
Influence of TYK2 in systemic sclerosis susceptibility: a new locus in the IL-12 pathway. 
Ann Rheum Dis. 2016;75(8):1521–6.

 81. Marangoni RG, Korman BD, Allanore Y, Dieude P, Armstrong LL, Rzhetskaya M, 
et  al. A candidate gene study reveals association between a variant of the Peroxisome 
 Proliferator- Activated Receptor Gamma (PPAR-gamma) gene and systemic sclerosis. 
Arthritis Res Ther. 2015;17:128.

 82. Shiokawa D, Tanuma S. Characterization of human DNase I family endonucleases and acti-
vation of DNase gamma during apoptosis. Biochemistry. 2001;40(1):143–52.

 83. Errami Y, Naura AS, Kim H, Ju J, Suzuki Y, El-Bahrawy AH, et al. Apoptotic DNA frag-
mentation may be a cooperative activity between caspase-activated deoxyribonuclease 
and the poly(ADP-ribose) polymerase-regulated DNAS1L3, an endoplasmic reticulum- 
localized endonuclease that translocates to the nucleus during apoptosis. J Biol Chem. 
2013;288(5):3460–8.

 84. Okamoto M, Okamoto N, Yashiro H, Shiokawa D, Sunaga S, Yoshimori A, et al. Involvement 
of DNase gamma in the resected double-strand DNA breaks in immunoglobulin genes. 
Biochem Biophys Res Commun. 2005;327(1):76–83.

 85. Aglietti RA, Dueber EC. Recent insights into the molecular mechanisms underlying pyrop-
tosis and gasdermin family functions. Trends Immunol. 2017;38(4):261–71.

 86. Bhattacharya A, Eissa NT.  Autophagy and autoimmunity crosstalks. Front Immunol. 
2013;4:88.

 87. Burgess HA, Daugherty LE, Thatcher TH, Lakatos HF, Ray DM, Redonnet M, et  al. 
PPARgamma agonists inhibit TGF-beta induced pulmonary myofibroblast differentiation 

2 Systemic Sclerosis



34

and collagen production: implications for therapy of lung fibrosis. Am J Physiol Lung Cell 
Mol Physiol. 2005;288(6):L1146–53.

 88. Kulkarni AA, Thatcher TH, Olsen KC, Maggirwar SB, Phipps RP, Sime PJ. PPAR-gamma 
ligands repress TGFbeta-induced myofibroblast differentiation by targeting the PI3K/Akt 
pathway: implications for therapy of fibrosis. PLoS One. 2011;6(1):e15909.

 89. Wei J, Zhu H, Komura K, Lord G, Tomcik M, Wang W, et al. A synthetic PPAR-gamma ago-
nist triterpenoid ameliorates experimental fibrosis: PPAR-gamma-independent suppression 
of fibrotic responses. Ann Rheum Dis. 2014;73(2):446–54.

 90. Wu M, Melichian DS, Chang E, Warner-Blankenship M, Ghosh AK, Varga J. Rosiglitazone 
abrogates bleomycin-induced scleroderma and blocks profibrotic responses through peroxi-
some proliferator-activated receptor-gamma. Am J Pathol. 2009;174(2):519–33.

 91. Wei J, Ghosh AK, Sargent JL, Komura K, Wu M, Huang QQ, et al. PPARgamma downregu-
lation by TGFss in fibroblast and impaired expression and function in systemic sclerosis: a 
novel mechanism for progressive fibrogenesis. PLoS One. 2010;5(11):e13778.

 92. Consortium EP. An integrated encyclopedia of DNA elements in the human genome. Nature. 
2012;489(7414):57–74.

 93. Roadmap Epigenomics C, Kundaje A, Meuleman W, Ernst J, Bilenky M, Yen A, et  al. 
Integrative analysis of 111 reference human epigenomes. Nature. 2015;518(7539):317–30.

 94. Consortium GT. Human genomics. The genotype-tissue expression (GTEx) pilot analysis: 
multitissue gene regulation in humans. Science. 2015;348(6235):648–60.

 95. Ueki M, Takeshita H, Fujihara J, Iida R, Yuasa I, Kato H, et al. Caucasian-specific allele in 
non-synonymous single nucleotide polymorphisms of the gene encoding deoxyribonuclease 
I-like 3, potentially relevant to autoimmunity, produces an inactive enzyme. Clin Chim Acta. 
2009;407(1–2):20–4.

 96. Dendrou CA, Cortes A, Shipman L, Evans HG, Attfield KE, Jostins L, et  al. Resolving 
TYK2 locus genotype-to-phenotype differences in autoimmunity. Sci Transl Med. 
2016;8(363):363ra149.

 97. Musone SL, Taylor KE, Lu TT, Nititham J, Ferreira RC, Ortmann W, et al. Multiple polymor-
phisms in the TNFAIP3 region are independently associated with systemic lupus erythema-
tosus. Nat Genet. 2008;40(9):1062–4.

 98. Zhang F, Lupski JR.  Non-coding genetic variants in human disease. Hum Mol Genet. 
2015;24(R1):R102–10.

 99. Rivera CM, Ren B. Mapping human epigenomes. Cell. 2013;155(1):39–55.
 100. Gupta B, Hawkins RD.  Epigenomics of autoimmune diseases. Immunol Cell Biol. 

2015;93(3):271–6.
 101. Zhang X, Joehanes R, Chen BH, Huan T, Ying S, Munson PJ, et al. Identification of common 

genetic variants controlling transcript isoform variation in human whole blood. Nat Genet. 
2015;47(4):345–52.

 102. Spain SL, Barrett JC.  Strategies for fine-mapping complex traits. Hum Mol Genet. 
2015;24(R1):R111–9.

 103. Takahashi N, Akahoshi M, Matsuda A, Ebe K, Inomata N, Obara K, et al. Association of the 
IL12RB1 promoter polymorphisms with increased risk of atopic dermatitis and other allergic 
phenotypes. Hum Mol Genet. 2005;14(21):3149–59.

 104. Trynka G, Sandor C, Han B, Xu H, Stranger BE, Liu XS, et al. Chromatin marks identify 
critical cell types for fine mapping complex trait variants. Nat Genet. 2013;45(2):124–30.

 105. Schoenfelder S, Clay I, Fraser P. The transcriptional interactome: gene expression in 3D. Curr 
Opin Genet Dev. 2010;20(2):127–33.

 106. Dryden NH, Broome LR, Dudbridge F, Johnson N, Orr N, Schoenfelder S, et al. Unbiased 
analysis of potential targets of breast cancer susceptibility loci by capture Hi-C. Genome Res. 
2014;24(11):1854–68.

 107. Jager R, Migliorini G, Henrion M, Kandaswamy R, Speedy HE, Heindl A, et al. Capture 
Hi-C identifies the chromatin interactome of colorectal cancer risk loci. Nat Commun. 
2015;6:6178.

E. López-Isac et al.



35

 108. Schoenfelder S, Furlan-Magaril M, Mifsud B, Tavares-Cadete F, Sugar R, Javierre BM, et al. 
The pluripotent regulatory circuitry connecting promoters to their long-range interacting ele-
ments. Genome Res. 2015;25(4):582–97.

 109. Martin P, McGovern A, Orozco G, Duffus K, Yarwood A, Schoenfelder S, et al. Capture Hi-C 
reveals novel candidate genes and complex long-range interactions with related autoimmune 
risk loci. Nat Commun. 2015;6:10069.

 110. Mifsud B, Tavares-Cadete F, Young AN, Sugar R, Schoenfelder S, Ferreira L, et al. Mapping 
long-range promoter contacts in human cells with high-resolution capture Hi-C. Nat Genet. 
2015;47(6):598–606.

2 Systemic Sclerosis



37© Springer Nature Switzerland AG 2019
J. Martín, F. D. Carmona (eds.), Genetics of Rare Autoimmune Diseases,  
Rare Diseases of the Immune System, https://doi.org/10.1007/978-3-030-03934-9_3

L. Ortiz-Fernández (*) 
Instituto de Parasitología y Biomedicina ‘López-Neyra’, IPBLN-CSIC, Parque Tecnológico 
Ciencias de la Salud, Granada, Spain 

M. F. González-Escribano 
Servicio de Inmunología, Hospital Universitario Virgen del Rocío (IBiS, CSIC, US),  
Sevilla, Spain
e-mail: mariaf.gonzalez.sspa@juntadeandalucia.es

3Behçet’s Disease

Lourdes Ortiz-Fernández 
and Maria Francisca González-Escribano

Contents
3.1  Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   37
3.2  Genetic Component of Behçet’s Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   38

3.2.1  HLA Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   39
3.2.2  Non-HLA Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   41

3.3  Molecular Pathways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   45
3.4  Conclusions and Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   45
 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   46

3.1  Introduction

Behçet’s disease (BD) is a complex systemic syndrome characterized by inflamma-
tory lesions of blood vessels throughout the body, being small vessels the most 
frequently involved. This pathology is a rare and debilitating vasculitis, which pres-
ents a wide range of clinical phenotypes. The main clinical features are genital 
ulceration, ocular involvement (mainly uveitis), and skin lesions, but patients also 
can suffer gastrointestinal involvement, arthritis, and neurological disorders, among 
other symptoms, which lead to significant morbidity and mortality [1]. The lack of 
a pathognomonic sign and the absence of specific biomarkers of the disease make 
difficult the diagnosis of BD which is based on criteria and classification systems 
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being the most widely used those proposed by the International BD Study Group 
(ICBD) in 1990 [2]. BD is found worldwide; however, its prevalence varies along 
the different geographical regions. The highest prevalence is found in Turkey, fol-
lowed by Japan and Iran, and it is very low in North America and in Western coun-
tries; in fact, BD is also known as “Silk Road disease” given its particular 
geographical distribution overlap with the ancient trading route stretching from 
China to the Mediterranean area [3]. Regarding the gender distribution and onset, 
both genders are affected equally, although with geographical differences, and the 
disease typically arises in the third or fourth decade of life, being uncommon in 
children or patients above 50s [4].

With respect to the immunological data, multiple alterations have been described 
in the homeostasis of the T cells in BD patients. Accordingly, activation of γ/δ T 
lymphocytes in both peripheral blood and mucous lesions has been described [5, 6]. 
Besides, imbalances in T helper (Th) cell populations have been extensively studied 
in BD, and Th1 infiltrates have been observed in oral and genital ulcers and cutane-
ous and gastrointestinal lesions. Consistently, an increase in Th1 cytokines has also 
been found in blood [7–9]. In addition, high levels of IL23 and IL17 have been 
described in peripheral blood mononuclear cells of BD patients [10]. IL23 induces 
the production of IL17 by T lymphocytes, and this cytokine promotes a neutrophil- 
mediated inflammatory response. Therefore, high levels of IL23 are consistent with 
the hyperactivation of neutrophils observed in the early phases of the lesion infiltra-
tion [11], which leads to the increase in the levels of reactive oxygen species, endo-
thelial adhesion, chemotaxis, and phagocytosis [12–15]. All these data suggest that 
the Th17/Th1 balance plays an important role in the regulation of the inflammation 
in BD [16].

Despite high efforts, the etiology of BD remains unclear. However, cumulative 
evidences suggest that certain infectious agents and environmental factors may trig-
ger the disease in genetically predisposed individuals. It has been proposed that 
different virus and bacteria could play a role in the BD development. Of special note 
are Herpes simplex virus I, which DNA has been isolated from genital ulcers and 
saliva samples of patients [17], and Streptococcus sanguinis that has been related 
with the formation of recurrent aphthous lesions [18]. Nevertheless, the present 
chapter focuses on the genetic component, in which great advances have been made 
in recent years.

3.2  Genetic Component of Behçet’s Disease

The substantial genetic contribution to the pathogenesis of this disease is strongly 
supported by several facts. In addition to the aforementioned geographical variation 
in prevalence [3], familial aggregation has been extensively reported. The results of 
these studies revealed a higher frequency of the cases among the relatives of the 
patients than in the general population [19–22] with the highest sibling recurrence 
risk ratio, in the Turkish population (between 11.4 and 52.5) [20]. Besides, although 
there are few studies in BD, the disease concordance rate was higher in 
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monozygotic twins compared with dizygotic ones [23]. Finally, specific associa-
tions of different genes with BD susceptibility have been robustly described [24]. 
From a genetic point of view, BD is considered as a complex disease, in which 
multiple genes are involved, each of them with a modest effect in the disease, being 
able to be related with the onset as well as with its severity and progression.

We will examine throughout this chapter the current knowledge of the BD 
genetic background on the basis of the recent advances in this subject. Firstly, the 
HLA region (which represents the main genetic contributor to the disease) will be 
thoroughly reviewed together with the main confirmed associated loci outside the 
HLA region. Besides, we summarized the results of other studies that propose new 
susceptibility genetic factors, and, finally, we will highlight the most important 
molecular pathways implicated in the disease.

3.2.1  HLA Region

The major histocompatibility complex (MHC) region includes the largest number 
of genetic associations for a wide range of pathological conditions, including most 
of the immune-mediated diseases. The earliest association of BD with the human 
MHC (HLA) was reported in the 1970s [25]. These initial studies, using serologi-
cal typing method, revealed that HLA-B51 had a relevant relationship with the 
disease, so that it was detected with a relative small sample size. Decades later, 
with the availability of DNA-based methods and larger study cohorts, the specific 
association of HLA-B*51 with the disease was well established and repeatedly 
contrasted in different ethnic groups [24]. Multiple studies exploring other addi-
tional susceptibility loci in the HLA region have suggested the association of 
diverse HLA molecules with the disease. In this sense, in addition to other HLA-B 
molecules [26, 27], some studies have reported other classic class I HLA mole-
cules (HLA-A and HLA- C) as associated to the disease, although in general these 
results were less consistent [28–30]. As we stated above, the association between 
HLA-B*51 and BD is well established worldwide as the strongest genetic risk fac-
tor for this condition, but the functional basis of this association in the pathogene-
sis of BD has not been elucidated yet. For this reason, other loci located within the 
HLA region have been proposed as major contributors. Specifically, a study pub-
lished in 1999 in the Japanese population proposed for the first time that the caus-
ative gene of the HLA region was MICA, a gene located very close to HLA-B with 
strong linkage disequilibrium (LD) [31–33]. Although this idea was embraced by 
the scientific community at the beginning, later studies performed in different pop-
ulations were inconsistent [34–38]. The problems encountered to clarify which 
gene is true responsible of the association are related to the complexity of the HLA 
region, which is particularly dense in genes related with the immune system and 
shows a strong LD, making difficult to clarify whether the identified risk signals 
are independent each other or whether they are reflections of the primary associa-
tion. This problem is aggravated in the case of rare diseases, such as BD, because 
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the sample size, relatively low compared with other pathologies with more preva-
lence, limits the statistical power of the individual studies.

Given the advance of the new typing approaches during the last years, new data 
have been raised from fine-mapping studies, thus allowing the typing of the entire 
region. Four independent studies performed in different populations, and following 
a comprehensive approach that combines high-throughput genomics with the novel 
algorithms of HLA imputation [39, 40], have been published [41–44]. All of these 
studies concluded that the HLA-B*51 haplotype represents the strongest associa-
tion factor with the disease but also discarded an association of any HLA class II 
molecule, something that was previously proposed using older methodologies 
[41–44]. However, these studies showed discrepancies regarding the independent 
association of other HLA class I factors. In the context of the HLA-B locus, HLA-
B*15 and HLA-B*27 were identified as risk factors and HLA-B*49 as a protective 
factor with independent effects of HLA-B*51 in one study in the Turkish popula-
tion [42]. Additionally, the allelic group HLA-B*57 was shown to confer suscepti-
bility to BD in two studies conducted in the Spanish and Turkish populations [42, 
43]. With regard to the HLA-A locus, variation within the gene was also associated 
with disease predisposition in different studies. Specifically, three of these studies 
found that the HLA-A*03 group is an independent protective factor for BD [42–
44]. In addition, one of these studies reported suggested evidence that HLA-A*26 
could be also an independent risk factor for BD [42]. Only one study described an 
independent association of the HLA-C locus, specifically HLA-C*1602 [41], which 
had been previously suggested by two smaller studies from Southern European 
[45, 46]. However, it should be noted that this independent association of the HLA-
C haplotype was not consistent with the rest of the studies that evaluated the con-
tribution of this locus [26, 42–44]. On the other hand, although the results of one 
of these studies returned the idea of the MICA gene as the causal susceptibility 
marker for BD [41], the results of the other large-scale genetic studies did not 
support an independent association of the MICA gene with BD [34–38, 42, 43].

Many of the HLA class I molecules have a dual function, and they present pep-
tides to the CD8 T cells, but they also control the activity of the natural killer cells 
because they are ligands of some of their receptors (KIR). The relevant amino acid 
positions in one or the other function are located in different parts of the molecule. 
Therefore, deciphering the amino acid positions involved in BD susceptibility may 
definitively help to better understand the functional implications of the HLA system 
in the disease pathophysiology. In an effort to identify the motifs that may explain 
the variety of protective and risk effects conferred by HLA class I molecules in BD, 
the possible association of polymorphic amino acid residues has been analyzed in 
some studies [41, 43]. One of them proposed a model comprising five amino acids 
located in three positions of HLA-B, 67 (glutamic acid, Glu, or phenylalanine, Phe), 
97 (threonine, Thr), and 116 (leucine, Leu), as well as one position in HLA-A, 
161 (Glu) [41]. According to one of those studies in which an omnibus test was 
performed, the most relevant amino acid position for disease risk was HLA-B 97. 
Six possible residues can be harbored at this position, with two of them conferring 
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risk (Thr and valine, Val), another two conferring protection (arginine, Arg, and 
serine, Ser), and the remaining two being neutral (asparagine, Asn, and tryptophan, 
Trp). In addition, according to this model, the position 66 of HLA-A represented an 
independent association (with lysine, Lys conferring risk and Asn protection) [43]. 
Interestingly, the four more relevant positions (HLA-B 67, 97, 116 and HLA-A 66) 
are located in the binding groove of their corresponding molecules. These data 
brought additional evidences supporting the importance of the peptide binding by 
the class I HLA molecules in BD.  Nevertheless, the study of the most relevant 
amino acid positions has to be interpreted with caution, and it is evident that each 
HLA-B molecule has a specific set of amino acids in its polymorphic positions, with 
many of them in LD with each other, thus increasing the difficulty to evaluate 
dependency at the amino acid level. Therefore, it should be noted that dependency 
does not exclude biological influence. Therefore, only by complementing the 
knowledge gained by this type of approaches with those provided by functional 
studies, it would be possible to elucidate the precise etiopathogenic role of these 
molecules in disease, which would be essential for a personalized medicine [43].

3.2.2  Non-HLA Region

The contribution of the HLA region to the genetic component of BD has been esti-
mated to be approximately 20% [47], which indicates that other genes outside the 
region may have to be involved in this pathology. For many years, a large number 
of candidate gene studies tried to unravel the complex genetic architecture of BD 
outside of the HLA region. However, those studies yielded contradictory results 
that were not usually replicated in independent populations. The identification of 
the genetic factors involved in the susceptibility to complex diseases represents an 
enormous challenge, given that the effect of each gene in the development of this 
type of diseases is relatively low independently. To detect genes with low or 
medium effects, very large sample sizes are needed, and, given the condition of BD 
as a rare disease, most of candidate gene studies performed did not have enough 
statistical power. Additionally, the lack of replication among studies could be also 
related to specific population associations due to particular genetic architectures. 
Due to the above, few consistent associations with BD have been identified to date 
(Table 3.1).

3.2.2.1  Confirmed Risk Loci
Interleukin 23 receptor (IL23-R). This gene represents the most consistently asso-
ciated non-HLA locus with BD, as it has been repeatedly identified as a risk factor 
for this disease in different populations and multiple independent studies [26, 43, 44, 
48–56]. It is worth mentioning that this gene is a known risk factor for a multitude of 
immune-related diseases [57–59]. IL23R encodes a subunit of the IL-23 receptor 
which is expressed on the surface of Th17 cells and macrophages and binds the sub-
unit p19 of IL-23, a pro-inflammatory cytokine composed by p19 and p40 (which is 
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common with IL-12 and binds to IL12RB1). The IL-23/IL-23R complex promotes 
the polarization of the T cells to Th17 and increases the levels of inflammatory cyto-
kines such as IL-1, IL-6, IL-17, and TNFα [60]. Although there are strong evidences 
supporting that the variants of IL23R influence BD susceptibility through their effects 
on IL-23R itself, an additional role of these variants as markers of other nearby 
genes, such as IL12RB2, cannot be discarded [49]. IL12RB2 gene encodes the IL-12 
receptor beta 2, and the complex IL-12/IL12RB2 has a crucial role in Th1 cell dif-
ferentiation. Thus, although the causal mechanism of the association remains unclear, 
all these evidences support an important role of the IL-23/IL-17 pathway in the 
pathophysiology of immune-mediated diseases, including BD.

Table 3.1 Confirmed risk loci for Behçet’s disease outside the HLA region

Locus Location Gene name SNP SNP function References
IL23-R 1p31.3 Interleukin 23 

receptor
rs1495965 Intergenic [26, 43, 44, 

48–56]rs924080 Intergenic
rs10889664 Intergenic

IL-10 1q32.1 Interleukin 10 rs1518110 Intronic [26, 44, 
48–51, 55, 
61]

rs1518111 Intronic
rs1800871 Intronic

IL12A 3q25.33 Interleukin 12A rs17810546 Intergenic [43, 44, 55, 
67, 68]rs1874886 Intergenic

STAT4 2q32.2-q32.3 Signal transducer and 
activator of 
transcription-4

rs7574070 Intronic [53, 55, 68, 
71]rs7572482 Intronic

rs897200 Intergenic
ERAP1 5q15 Endoplasmic 

reticulum 
aminopeptidase 1

rs17482078 Missense 
(Arg725Gln)

[55, 68, 74, 
75]

rs10050860 Missense 
(Asp575Asn)

rs2287987 Missense 
(Met349Val)

rs13154629 Intronic
FUT2 19q13.33 Fucosyltransferase 2 rs681343 Synonymous [44, 104]

rs601338 Missense 
(Trp143Ter)

rs602662 Missense 
(Ser258Gly)

rs632111 3′-UTR
KLRC4 12p13.2 Killer cell lectin-like 

receptor C4
rs2617170 Missense 

(Asn104Ser)
[55, 68]

rs1841958 Missense 
(Ile129Ser)

CCR1- 
CCR3

3p21.31 C-C motif chemokine 
receptor

rs7616215 Intergenic [68, 90]
rs13084057 Intergenic
rs13092160 Exonic
rs13075270 Exonic

SNP single-nucleotide polymorphism
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Interleukin 10 (IL10). This gene was identified together with IL23R as suscep-
tibility factor for BD, and this association has been subsequently replicated in dif-
ferent populations [26, 44, 48–51, 55, 61, 62]. IL-10 is a potent anti-inflammatory 
molecule that inhibits the activation of macrophages and the synthesis of pro- 
inflammatory cytokines (including IL-1, IL-6, and TNFα); therefore, it suppresses 
Th1 cell activation [63]. Imbalances in the regulation of Th1 activation could cause 
deviations toward a Th1 profile, which could predispose to the disease. Interestingly, 
several genetic variants within this gene have been associated with the levels of 
expression. Specifically, the SNP reported by the Remmers group is associated with 
a decrease of the IL10 expression levels in monocytes [49, 64, 65]. Besides, it has 
been demonstrated that a low expression of IL10 in mouse leads to inflammation 
processes [66].

Interleukin 12A (IL12A). This gene encodes a subunit of IL-12, a cytokine that 
plays an important role in the polarization of the immune response toward Th1 and 
also in the production of IFNγ by both the T lymphocytes and the NK cells, so it is 
related to the production of pro-inflammatory cytokines [67]. Several studies 
reported association of this gene with BD [43, 44, 55, 68, 69], although further 
investigation is needed to clarify the causal variant.

The signal transducer and activator of transcription-4 (STAT4). This gene 
represents a shared genetic susceptibility factor for several autoimmune diseases, 
including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and 
Sjögren’s syndrome, among others [70, 71]. Regarding BD, the association with 
this gene has been extensively reported in different populations [53, 55, 69, 72]. 
STAT4 is a transcription factor that is activated by cytokines such as IL-12 and 
IL-23, which, as stated above, are involved in the differentiation of lymphocytes 
into Th1 and Th17 [73]. Two of the identified risk variants of this gene have been 
implicated in changes of STAT4 mRNA expression [69, 74], although further exper-
iments are needed to better understand the way in which this genetic variation affect 
the pathogenesis of BD.

The endoplasmic reticulum aminopeptidase 1 (ERAP1). The association of a 
missense variant of ERAP1, p.Arg725Gln, was described for the first time by Kirino 
and colleagues, whose data suggested that the associated variant contributes to dis-
ease susceptibility through a strong interaction or epistasis with HLA-B51 [69]. 
After that, additional studies have replicated these first results [55, 75, 76]. It is 
noteworthy that the association of this gene with other HLA class I-related diseases 
such as ankylosing spondylitis (AS) and psoriasis has been thoroughly investigated 
in the last years, and the implication of ERAP1 with these diseases has been always 
reported through an epistatic interaction with the corresponding associated HLA 
allele in each case [57, 77–79]. This gene encodes an aminopeptidase with an ubiq-
uitous distribution, which plays an important role trimming the N-terminal end of 
the peptides in the endoplasmic reticulum, a critical step of the processing of the 
peptides to optimize their length for HLA I molecule binding [80].

Fucosyltransferase 2 (FUT2). This association was firstly reported by Xavier 
and collaborators [81] but also in a recently published large-scale study [44]. This 
gene encodes the alpha [1, 2] fucosyltransferase, a molecule that produces in fluids 
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and intestinal mucosa the secreted H antigen, which is the precursor of the ABO 
histo-blood group antigens [82]. It has been described that homozygosity in two 
missense variants (p.Trp143Ter and p.Ile129Phe) leads to an ABO nonsecretor phe-
notype [82]. Of note, these variants are also linked with other immune-mediated 
disorders such as Crohn’s disease and type 1 diabetes [83–85]. The nonsecretor 
phenotype has also been associated with resistance to several infectious agents [86, 
87] and the gut microbiome composition [88, 89]. These evidences support the 
hypothesis that relationship between infectious agents and the genetic component is 
crucial for the development of BD.

Killer cell lectin-like receptor C4 (KLRC4). This gene has been found as a 
susceptibility locus in two large-scale genetic studies. Two non-synonymous 
variants in high LD (p.Ile29Ser and p.Asn104Ser) seem to be part of the suscep-
tibility haplotype for BD [55, 69]. The KLRC4 gene, also known as NKG2F, 
encodes a c-type lectin receptor expressed on NK cells. Although the specific 
function of this molecule is unknown, the haplotype related with the disease has 
reported to be associated with a high natural cytotoxic activity on peripheral 
blood cells [90].

CCR1-CCR3. This locus harbors a cluster of chemokine receptor genes with a 
high LD among them [69, 91]. Through binding to its ligands, these receptors act as 
a key regulator in leukocyte trafficking and in the homeostasis of the immune sys-
tem [92]. The risk allele reported by Hou et al. has been associated with a reduced 
expression of both, CCR1 and CCR3, in peripheral blood mononuclear cells 
(PBMCs) [91] and another variant located in the same region was also related with 
a lower expression of CCR1 in human primary monocytes [69].

3.2.2.2  Suggested Risk Loci
The number of genes identified in large-scale genetic studies is higher than that 
exposed in the previous section, and includes genes such as KIAA1529, CPVL, 
LOC100129342, UBASH3A, UBAC2 [93], GIMAP [94], JRKL-CNTN5 [43], 
IL1A- IL1B, IRF8, CEBPB-PTPN1 [44]. However, the association of these loci 
with BD remains unconfirmed. In some cases, specific replication studies have 
been performed in other populations but the results obtained are contradictories 
[26, 95]. In other cases the association has recently been described in only one 
population [44].

New approaches such as next-generation sequencing (NGS) have being recently 
implemented for the investigation of the rare polymorphisms. In a recent study, 21 
candidate genes were evaluated for BD association through deep exonic resequenc-
ing with the aim of identifying low-frequency non-synonymous variants [56]. The 
association of rare variants in four genes (IL23R, NOD2, TLR4, and MEFV) with 
BD is supported by the results obtained in this work. In a later study, seven genes 
related with immune-mediated diseases were analyzed using NGS. The findings of 
this second study suggested the influence of rare variants of, at least, NOD2, 
PSTPIP1, and MVK in the pathogenesis of BD [96]. More independent studies per-
formed in other populations and/or with other approaches are necessary to confirm 
or discard these suggested associations.
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3.3  Molecular Pathways

In the last years, large achievements have been accomplished to understand the 
genetic basis of BD. Although multiple studies will still be necessary for a fully 
comprehension of the pathophysiology underlying this disorder, given the last 
advances, we can outline a model that integrates the main molecular pathways 
involved in the development of this disease.

As it is described before, several functional studies have established that the T 
lymphocytes are the most important cell population involved in the immunopatho-
genesis of BD. These data are in concordance with the results yielded by genetic 
studies, because several of the BD susceptibility genes (e.g., STAT4, IL12, IL23R) 
are involved in the differentiation of naïve CD4+ T cells into mature Th1 effector 
cell or in the maintenance of Th17 cells [97] and others in the balance of Th1 cells 
(IL10). In addition, the association of the IL-23/IL-17 pathway with BD is also sup-
ported by genetic data and provides evidences of the essential role that this pathway 
has in the pathophysiology of multiple immune-mediated diseases, especially BD.

The genetic association of ERAP1, FUT2, and KLRC4 supports the hypothesis that 
the disease would be triggered by environmental agents in which microorganisms 
would play a key role. On this sense, the association of FUT2 could be related with the 
immune response to invasive microorganisms and the microbiota composition.

3.4  Conclusions and Future Perspectives

Despite the impressive increase in our knowledge of the genetic basis of BD during 
the last years, the list of the confirmed risk loci for this type of vasculitis remains 
significantly lower than other immune-mediated diseases [98, 99]. One of the main 
limitations in the genetic study of this disease is the lack of statistical power, which 
is conditioned by the low prevalence of this disorder and that does not permit to 
identify susceptibility signals with modest effects for which large sample size is 
required. Therefore, additional strategies are necessary to unravel the genetic com-
ponent underlying BD. In this sense, one new approach which is been successfully 
applied is the combination of the genetic data from different diseases with similar 
features considering them as a single phenotype (cross-phenotype meta-analysis), 
and numerous shared genetic components have been described in the last years 
using this methodology [100–102].

On the other hand, the way in which the information of genetics variants is trans-
lated into pathogenetic mechanisms remains unclear for most of the variants associ-
ated with BD, which are located mostly in noncoding region, as occurs in many 
immune-mediated diseases. This fact suggests that these variants could affect differ-
ent regulatory elements in the genome. Thus, further studies should be focused on 
the effects that the associated variants produce. In this sense, the role of epigenetics 
in the pathogenesis of immune-mediated diseases seems now undeniable, and the 
contribution of epigenetic dysregulation in vasculitis is increasingly recognized. 
The genetic-epigenetic relationships are taking on great importance in a field in 
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which functional data are emerging [103]. Expanding our knowledge of how these 
epigenetic mechanisms interact with the polymorphisms will help to better under-
stand the pathogenesis of this disease.
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4.1  Introduction

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease characterized 
by sicca symptoms and a broad variety of systemic clinical manifestations. The 
prevalence in the general population is 0.02–0.1%, and middle-aged women are 
predominantly affected [1]. Indeed, even though keratoconjunctivitis sicca (KCS), 
resulting from the involvement of lacrimal glands, and xerostomia, resulting from 
the involvement of salivary glands (SGs), are usually prominent, pSS presents as a 
multifaceted and systemic condition with a broad variety of clinical manifestations. 
The spectrum of pSS extends from an organ-specific autoimmune disorder (referred 
to as an autoimmune exocrinopathy) to a systemic process that may involve the 
musculoskeletal system, nervous system, lungs, kidneys, and blood vessels. 
Biological abnormalities associated with B lymphocytes are also a hallmark of the 
disease, and these abnormalities are characterized by the presence of rheumatoid 
factor (RF), hypergammaglobulinemia, anti-sicca syndrome A/Ro (SSA) and anti- 
sicca syndrome B/La (SSB) antibodies, and an abnormal distribution of mature B 
lymphocytes in the peripheral blood [2], in addition to an increased risk of non- 
Hodgkin’s lymphoma (NHL) in 5% of patients [3].

More than 50 years ago, genetic involvement was suggested in the etiology of 
pSS [4]. The idea that genetic and epigenetic factors contribute to the etiology of 
systemic autoimmune diseases such as pSS is supported by familial autoimmunity 
and poly-autoimmunity [5]. Indeed, some studies have reported familial forms of 
pSS [6] with some cases in twins. However, although the number of cases remains 
too low to evaluate the familial risk of pSS, several studies have been conducted 
based on the co-aggregation of autoimmune diseases in affected families [5, 7]. The 
clustering of autoimmune diseases such as systemic lupus erythematosus (SLE), 
rheumatoid arthritis (RA), autoimmune thyroid disease (AITD), psoriasis, multiple 
sclerosis, and pSS within families has frequently been reported.

Most of the genes associated with susceptibility to pSS have been identified 
because the proteins involved have been previously associated with the pathogene-
sis of pSS or because the genes had already been associated with another autoim-
mune disease such as SLE or RA. Consequently, in this chapter, we will first focus 
on the immunopathology of pSS in order to better understand the genetic and epi-
genetic alterations described in the disease. The last section will be dedicated to 
genetic alterations in pSS related to lymphoma.

4.2  Immunopathology of pSS

4.2.1  An Autoimmune Epithelitis

Lymphocytic infiltration is a histological hallmark of pSS. T and B lymphocytes 
indeed constitute the vast majority of the mononuclear cells infiltrating the sali-
vary glands. Although the majority of infiltrating mononuclear cells are T cells in 
mild lesions, B-cell levels reach up to 50% in advanced lesions [8]. Epithelial cell 
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(EC) apoptosis induced by the lymphocytic infiltrates is considered a key factor in 
the decreased production of exocrine secretions. Fas-FasL mechanisms may 
explain the increased EC apoptosis mediated by T cells, but B cells also directly 
mediate EC death via a mechanism that is independent of Fas-FasL interactions 
but requires protein kinase C delta (PKC δ) translocation into the EC nucleus [9]. 
Immunohistochemical studies of inflammatory salivary gland tissue from patients 
with pSS have shown that the ECs contain high levels of several immunoactive 
molecules known to mediate lymphoid cell homing, antigen presentation, and the 
amplification of epithelial cell-immune cell interactions. ECs can secrete proin-
flammatory cytokines via a mechanism initially mediated by Toll-like receptor 
(TLR) activation. Several TLRs are expressed by ECs in salivary gland tissue 
(TLR2, TLR3, TLR4, and TLR7) [10]. Consequently, the most likely hypothesis 
is that EC activation in pSS may be related to the viral infection of the exocrine 
glands. Toll- like receptor signaling in the salivary gland ECs, which is achieved 
through epigenetic mechanisms [11], upregulates the expression of MHC-I, 
CD54/ICAM-I, CD40, CD95/Fas proteins, CD80, and CD86, thereby linking the 
innate and adaptive immune responses. Global DNA methylation is reduced in 
salivary gland ECs and could explain the aberrant transcription of many genes by 
these cells. Global DNA demethylation of ECs was accounted for by a decrease in 
the methylating enzyme DNMT1, which is associated with an increase in its 
demethylating partner Gadd45- alpha [12]. Thus, environmental factors may con-
vert ECs to nonprofessional antigen- presenting cells (APCs) that also induce the 
polarization of naive T cells. Furthermore, interferon (IFN)-γ increases HLAII 
expression by ECs, thereby encouraging them to shift toward APCs. The func-
tional expression of these immunoreactive molecules indicates that salivary gland 
ECs can probably mediate the presentation of antigen peptides and the transmis-
sion of activation signals to T cells. Furthermore, cytokines play a role in EC 
activation, as shown by the finding that IFN-γ and interleukin (IL)-1β induce 
CD40 expression by cultured ECs. Finally, nuclear autoantigens such as the Ro/
SSA and La/SSB ribonucleoproteins may translocate from the nucleus to the 
membrane of ECs. These ribonucleoproteins are present in apoptotic bodies, 
whose numbers are increased in ECs taken from patients with pSS. Thus, ECs can 
present antigens to T and B cells. Cathepsin S, the activity of which is upregulated 
in the lacrimal glands of patients with pSS [13], is involved in class II MHC-
mediated immune responses that promote the displacement of class II MHC mol-
ecules to the cell surface for presentation, thereby increasing antigen presentation 
by B cells and amplifying the autoimmune process. ECs also produce chemokines 
such as CXCL13, CCL19, and CCL21, which promote lymphocyte migration into 
the salivary glands. A relationship has been demonstrated linking CXCL13, sali-
vary gland inflammation, and the loss of salivary function. Moreover, CXCL13 
and CCL21 are directly involved in the organization of ectopic germinal centers. 
Finally, a link between CXCL13 and CCL11 and disease activity and lymphoma 
has been established [14]. Thus, by aberrantly expressing various immunoactive 
factors, ECs seem able to actively participate in and modulate the immune 
response within inflammatory lesions.
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4.2.2  An Interferon Signature

Transcriptome analyses of salivary gland tissue and mononuclear cells from patients 
with pSS have shown the overexpression of type I IFN-induced genes, a phenome-
non known as the IFN signature. In some patients, the IFN signature is associated 
with disease activity [15]. In addition to the increased expression of IFN- regulated 
genes, IRF5 polymorphisms have been described in association with pSS. These 
findings support a role on the part of IFN induction in the immunological activation 
seen in both the peripheral blood and the exocrine glands of patients with pSS. One 
of the most relevant IFN-induced genes encodes B-cell activating factor (BAFF) of 
the TNF ligand family. Thus, the IFN signature is associated with BAFF, the over-
expression of which is a hallmark of pSS.

4.2.3  The Role of BAFF

Serum BAFF levels are elevated in patients with pSS and associated with the 
increased production of autoantibodies such as anti-SSA, anti-SSB, and rheumatoid 
factor. Moreover, elevated BAFF levels have been found in the salivary glands of 
patients with pSS and are produced by B cells, T cells, and ECs [16]. Also, another 
observation that is in keeping with a role for BAFF in the pathogenesis of SS is that 
most lymphomas associated with pSS arise from B cells. Among patients with SS, 
those with lymphoma have higher serum BAFF levels as compared to those without 
lymphoma [17]. BAFF overexpression may allow autoreactive B cells to survive 
stronger autoantigen-triggered death signals and produce autoantibodies. This 
BAFF-mediated survival mechanism is evident in the peripheral blood B cells of 
patients with pSS because apoptosis was significantly decreased in B cells taken 
from patients with SS, indicating the antiapoptotic and survival-extending effects of 
BAFF.

4.2.4  A Form of B-Cell Hyperactivity

In this context, B-cell hyperactivity is among the main features of pSS and acts by 
producing autoantibodies, cytokines, and antigen-presenting cells [18]. The pres-
ence of germinal cell-like structures in salivary gland biopsies from 25% of patients 
with pSS indicates that it may be a strong predictor of non-Hodgkin’s lymphoma 
development, although this observation deserves further investigation [19]. 
Interestingly, the terminal differentiation of B cells into plasma cells and memory B 
cells occurs within germinal centers under the supervision of T follicular helper 
(Tfh) cells [20]. Although the development and control of Tfh cells remain debated, 
IL-21 production by dendritic cells is known as a major contributor to the terminal 
differentiation of Tfh cells. Importantly, abnormal Tfh cell function has deleterious 
effects, including triggering autoimmunity. Ectopic germinal centers serve as a con-
duit to recruit and expand autoreactive B cells and may also contribute to the 
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emergence of high-affinity autoantibodies in the salivary glands [18]. Interestingly, 
an increased circulating Tfh cell count and increased IL-21 production in these cells 
are found in patients with pSS and may predict a more severe clinical course [21]. 
Recently, IL-22 was reported to regulate lymphoid chemokine production and the 
assembly of ectopic germinal centers [22].

4.2.5  A Defect of the Suppressive Immune Response

The evolution of pSS could also be associated with defects in the control of the 
immune response. Foxp3+ regulatory T cells (Treg) may play an important role in 
controlling autoimmunity. Foxp3+ Treg counts in minor salivary gland lesions in 
patients with SS are comparable to those in controls with non-SS sialadenitis, sug-
gesting that the number of Foxp3+ Treg cells may not be decreased in SS. However, 
the counts of Foxp3+ T cells circulating in the blood correlate inversely with those 
of such cells infiltrating the salivary glands [23]. The fact that Treg cell counts are 
lower in advanced as compared to mild salivary gland infiltrates supports the view 
that dendritic cell-derived TGF-β induces Foxp3 in naive T cells and switches T-cell 
differentiation from the defective Treg cell pathway to a Th17 differentiation path-
way in the presence of IL-6 [24]. Although B-cell overactivity is evident in pSS, a 
new category of B cells known as regulatory B cells (Breg) can blunt the develop-
ment of autoimmune disorders [25]. The CD40-CD40L interaction between B and 
T cells is critical to the acquisition of Breg function upon Th1 differentiation through 
the production of IL-10, IL-35, and transforming growth factor β (TGF-β) or indole-
amine 2,3-dioxygenase [26]. Various chronic inflammatory environments that can 
occur in pSS have been reported to induce Breg cell populations, and Breg cells 
seem to be efficient in controlling T-cell proliferation and Th1 differentiation in 
patients with pSS. Consequently, their depletion could explain the altered efficacy 
of B-cell depletion in pSS [27].

4.2.6  Evolution Toward Lymphoma

Malignancy is the most fatal complication experienced by pSS patients, with an 
eightfold risk of mortality in this population as compared to the normal popula-
tion. In consequence of that critical impact, a great deal of effort has been made 
to identify predictable biomarkers for lymphoma development in patients affected 
by pSS.  This research has provided several prognostic factors associated with 
lymphoma development in pSS patients, namely, the presence of rheumatoid fac-
tor, C4 hypocomplementemia, monoclonal gammopathy, lymphopenia, higher 
levels of disease activity, the abnormal presence of germinal center- like structures 
within the mucosal sites of the exocrine glands [28], and, more recently, higher 
serum levels of FMS -like tyrosine kinase 3 (FLT3) cytokine [29]. In addition, the 
risk of lymphoma establishment increases with disease duration, with a cumula-
tive risk of 3.4% at 5 years and 9.8% at 15 years from diagnosis [30]. In contrast, 
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among pSS patients, neither previous treatment for pSS nor male was associated 
with any effect on lymphoma occurrence [31].

4.3  Genetics of Sjögren’s Syndrome

Genome-wide association studies (GWAS) of complex diseases, such as autoim-
mune diseases, have been successful in identifying new loci and confirming previ-
ously described genetic variations. Moreover, the gene association mapping is 
complicated by the linkage disequilibrium (LD) and haplotype block presence in 
the human genome, blurring the identification of the causal variant in the loci. The 
LD is particularly important in the HLA region [32]. To better understand how 
genetic variations, such as single-nucleotide polymorphisms (SNPs) in  loci, con-
tribute to the disease, more recent studies combine GWAS and global gene expres-
sion (microarray or RNA-sequencing analyses) to map gene expression as a 
quantitative trait (expression quantitative trait loci [eQTL] mapping) [33].

4.3.1  HLA Associations

Historically, the HLA region, located in chromosome 6p21.3, was the first associ-
ated with pSS [34]. It is not easy to summarize HLA association with pSS because, 
since 1975, the HLA nomenclature has changed and variant identification tech-
niques have evolved. Moreover, the mapping of MHC (major histocompatibility 
complex) susceptibility variants is complex because (1) there are differences 
between populations other than pathological status; (2) there is a high and extensive 
LD in this region, and thus, the identification of causal and independent loci is com-
plicated; and (3) some epistatic effects have been established between the MHC and 
other loci [35].

The extended MHC was divided into five subregions from telomeric to centro-
meric on the short arm of chromosome 6 (q21.3 region): extended class I region, 
class I region, class III region, class II region, and extended class II region (Fig. 4.1).

The main genes in subregions I, II, and III are mapped in Fig. 4.1, and their asso-
ciations with pSS are identified by arrows (GWAS analyses) or by stars (identified 
otherwise than by GWAS).

4.3.1.1  MHC Class I
This subregion, with a spacing of 1.9 Mb, contains classical gene loci (HLA-A, 
HLA-B, and HLA-C) and nonclassical gene loci (HLA-E, HLA-F, and HLA-G).

HLA-A
An increased prevalence of HLA-A24 has been associated with pSS (P = 0.009; 
OR  =  3.5). The GWAS identification in Caucasians has shown that the HLA-
A*0101 allele frequency was higher in cases of pSS (Pmeta  =  6.74  ×  10−35; 
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ORmeta  =  1.88) and that the cis-eQTL analysis was significant at rs113258639 
(FDR = 5.02 × 10−11) [36]. The HLA-A*0101 allele was associated with anti-La/
SSB autoantibodies in Mexican patients with pSS (P = 0.003; OR = 4.75). Finally, 
the GWAS in the Han Chinese showed the most likely SNP at rs17186258 
(P = 1.73 × 10−2; OR = 0.66) [37].

HLA-B
The prevalence of HLA-B8 was significantly increased in patients with pSS. The 
GWAS in the Han Chinese showed that the most likely SNP was at rs4992474 
(P = 8.21 × 10−5; OR = 1.40) [37]. The GWAS in Caucasians identified the HLA- 
B*0801 allele with increased frequency (Pmeta = 1.09 × 10−86; ORmeta = 3.27) and the 
HLA-B*1501 with decreased frequency in pSS cases (Pmeta  =  4.09  ×  10−8; 
ORmeta = 0.55) [36]. No significant cis-eQTL was associated with the HLA-B gene 
[36]. In Mexican patients, HLA-B*3501 was significantly associated with pSS 
(P = 0.004; OR = 3.70).

HLA-C
The association of the HLA-C gene with pSS was only identified via GWAS. In the 
Han Chinese population, the most likely SNP was at rs3905495 (P = 1.77 × 10−4; 
OR = 0.75) [37]. In the Caucasian population, two alleles of HLA-C have been 
identified, HLA-C*0701 (Pmeta = 3.67 × 10−81; ORmeta = 2.72) and HLA-C*0304 
(Pmeta = 5.57 × 10−10; OR = 0.59), the frequencies of which were higher and lower, 
respectively, in patients with pSS [36].
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Fig. 4.1 Map of main genes in major histocompatibility complex (MHC) and association with 
Sjögren’s syndrome (SS). The extended MHC is located on short arm of chromosome 6 (p21.3) 
and divided in five subregions spanning about 7.6 megabases (Mb). The arrows indicate locus 
susceptibility to SS identified by genome-wide association study (GWAS) in the Han Chinese 
population (orange) or in the Caucasian population (blue). Star (*) indicates locus susceptibility to 
SS identified without GWAS
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4.3.1.2  Class II
This subregion, with a spacing of 0.9 Mb, contains classical gene loci (HLA-DP, 
HLA-DQ, and HLA-DR) and nonclassical gene loci (HLA-DO and HLA-DM).

HLA-DR and HLA-DQ
These two genes are always associated because three of their loci are in very strong 
LD (r2 = 0.97): HLA-DRB1, HLA-DQA1, and HLA-DQB1 [36]. In 1993, a study 
on HLA class II genes showed differing haplotype frequencies between Caucasian, 
Chinese, and Japanese populations. Thus, the HLA-DRB1*0301(-DRB3*0101)-
DQA1*0501-DQB1*0201 haplotype was significantly more common in Caucasian 
patients, the HLA-DRB1*0405(-DRB4*0101)-DQA1*0301-DQB1*0401 haplo-
type was significantly more common in Japanese patients, and the HLA- 
DRB1*0803-DQA1*0103-DQB1*0601 haplotype was significantly more common 
in Chinese patients. The frequency increases of these alleles in the Caucasian popu-
lation have been confirmed by several studies on a Finnish population, a Scandinavian 
population [38], a Colombian population, and a French population [39]. Moreover, 
the GWAS in Caucasians confirmed that HLA-DQB1*0201 (Pmeta = 1.38 × 10−95; 
ORmeta = 3.36), HLA-DQA1*0501 (Pmeta = 8.50 × 10−94; ORmeta = 3.34), and HLA- 
DRB1*0301 (Pmeta = 2.19 × 10−74; ORmeta = 3.25) were the alleles most signifi-
cantly associated with pSS [36]. Cis-eQTL analysis showed a significant association 
at rs112038669 in the HLA-DQA1 gene (FDR = 1.27 × 10−12) and, surprisingly, at 
rs114846898 in the HLA-DRB6 gene (FDR = 2.57 × 10−31). No significant eQTL 
has been identified in the HLA-DQB1 and HLA-DRB1 genes [36]. In the HLA- 
DQA1 gene, one SNP (rs9271588) has been identified in three GWAS analyses: one 
in a Caucasian population (Pmeta = 1.37 × 10−85; ORmeta = 0.41) [36] and two in a Han 
Chinese population (P = 9.50 × 10−12; OR = 0.58 for the first and P = 1.82 × 10−5; 
OR = 1.57 for the second) [37, 40].

HLA-DP
Only the GWAS in Caucasians identified the HLA-DPB1*0101 allele, which was 
significantly higher in pSS cases as compared to controls (Pmeta  =  8.42  ×  10−19; 
ORmeta = 2.07) [36]. Moreover, HLA-DPB1 at rs3128917 showed a significant cis- 
eQTL (FDR = 3.23 × 10−14) [36]. In 1993, a study that compared HLA class II genes 
in Caucasian, Chinese, and Japanese patients with pSS showed no significant asso-
ciation with DPB1 alleles.

TAP2
TAP2 (transporter associated with antigen processing 2) is a crucial subunit for the 
molecular assembly of the MHC-I complex. A mutation in exon 9 of TAP2, which 
leads to a methionine-to-valine substitution at codon 577, has been observed in a 
Japanese population. This new TAP2 allele, named TAP2*Bky2, showed an 
increased frequency in patients with pSS (P < 0.05) and a strong association with 
anti-SSA production (P = 0.001) [41]. This association was not identified by GWAS, 
but two other SNPs have been found in a Han Chinese population, rs3763355 
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(P = 1.24 × 10−4; OR = 0.50) [37] and rs211429 (P = 9.88 × 10−5; OR = 1.47) [40], 
both of which are located in the 5′ region upstream of the TAP2 gene.

4.3.1.3  Class III
The genes located in the class III region are involved in inflammation, such as C2, 
C4, TNF, and lymphotoxins.

Lymphotoxin System and TNFα
TNFSF1 (lymphotoxin α) and TNFSF3 (lymphotoxin β) are located in the same 
locus as TNFSF2 (TNFα) on chromosome 6p21.33, in the HLA class III region. A 
study conducted on 1059 individuals comprised of a Norwegian (193 pSS and 213 
healthy controls) and Swedish cohort (334 pSS and 319 healthy controls) identified 
12 SNPs. Only four SNPs showed a significant association with pSS in the total 
cohort and in each independently after logistic regression: rs915654 (1379 bases 
upstream of TNFSF1) (Ptotal  =  1.13  ×  10−4), rs909253 (TNFSF1 intron 1) 
(Ptotal  =  1.25  ×  10−7), rs2229094 (TNFSF1 exon 2) (Ptotal  =  4.15  ×  10−4), and 
rs1800629 (319 bases upstream of TNFSF2) (Ptotal = 2.48 × 10−10). At the haplotype 
level, the researchers observed several significant associations, most of which 
involved the two SNPs with the lowest P values: rs909253 and rs1800629. Moreover, 
they identified a very significant association with the haplotype G/A (rs909253/
rs1800629) (P = 9.14 × 10−17) with a nearly doubled frequency in pSS cases as 
compared to healthy controls [42].

An older study showed that the frequency of allele A at position −308  in the 
TNFSF2 gene was higher in pSS cases than in controls [43].

NCR3
The NCR3 gene encodes NKp30, an innate receptor expressed by natural killer cells 
and crucial for cross-talk with dendritic cells. A combined meta-analysis in a French 
and a Scandinavian cohort showed that two NCR3 SNPs, rs11575837 and rs2736191, 
were inversely associated with the risk of pSS (OR = 0.48, P = 0.0039 and OR = 0.56, 
P = 0.0019, respectively) [44].

4.3.2  Non-HLA Associations

Table 4.1 summarizes the non-HLA risk genes or susceptibility regions in Sjögren’s 
syndrome.

4.3.2.1  Chemokines, Cytokines, and Receptors

CCL11/CCL7 Regions
Two SNPs, rs3091328 (G/A) (located between CCL7 and CCL11 genes) and 
rs1860184 (A/T) (located in the CCL11 intron), have been associated with germinal 
center status in Swedish and Norwegian patients. They are in an intermediate LD 
(r2 = 0.66), and the haplotypes of the major alleles (A and T, respectively) are the 
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Table 4.1 Summary of non-HLA association genes or regions in Sjögren’s syndrome

Gene or locus CHR. Variation Population Reference

Chemokines, 
cytokines, and 
receptors

CCL11 17q21.1–
21.2

rs1860184 Swedish and 
Norwegian

[45]

CCL7/CCL11 
region

17q rs3091328 Swedish and 
Norwegian

[45]

CCR5 3q21.31 delta32
rs333

Caucasian Slovak 
origin

[46]

CXCR5 11q23.3 rs7119038
rs11217033

Meta-analysis 
Caucasian

[36]

IL-10 1q32.1 GCC 
haplotype 
promoter

Japanese [49]
Caucasian French [43]
Spanish [48]
Finnish [47]

IL-12A 3q25.33 rs485497
rs4680536

Meta-analysis 
Caucasian

[36]

IL-2-IL-21 
region

4q27 rs6822844 Meta-analysis 
Caucasian

[50]

Tumor necrosis 
factor and 
associated 
molecules

TNFSF4 1q25 rs1234315
rs1234314
rs704840

Swedish and 
Norwegian

[51]

rs704840
rs2205960

Han Chinese [52]

rs2205960 Han Chinese [53]
TNFSF13B 13q33.3 rs9514827

rs3759467
rs1041569
rs9514828

Australian 
Caucasian

[54]

rs9514827
rs9514828
rs1224141
rs12583006

Caucasian Greek 
ancestry

[28]

TNFRSF13C 22q13.2 His159Tyr Greek [55]
TNFRSF6 10q23.31 −670(G/A) Australian [57]

−671 Swedish and 
Norwegian

[56]

TNFAIP3 6q23.3 rs2230926 Caucasian [58]
rs2230926
rs5029939

Han Chinese [37, 52]

TNIP1 5q33.1 rs6579837 Meta-analysis 
Caucasian

[36]

rs3792783
rs7708392

Meta-analysis 
Swedish, 
Norwegian, and 
UK

[59]
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Table 4.1 (continued)

Gene or locus CHR. Variation Population Reference

Transcription 
factors

EBF1 5q33.3 rs3843489
rs869593

Swedish and 
Norwegian

[59]

GTF2I 7q11.23 rs117026326 Han Chinese [37]
rs117026326 Han Chinese [40]

IKZF1 7p12.2 rs4917014
rs4917129

Han Chinese [60]

NFKBIA 14q13.2 −826 C/T Taiwanese [61]

IRF5 (IRF5/
TNPO3 locus)

7q32.1 CGGGG indel French Cohort 
Assess

[62]

rs10488631
CGGGG indel

Swedish and 
Norwegian

[63]

rs10488631
rs13246321

Swedish and 
Norwegian

[51]

rs3757387 Meta-analysis 
Caucasian

[36]

STAT4 2q32.3 rs7574865 Caucasian [64]
rs7582694 Swedish and 

Norwegian
[51, 63]

rs10168266 Han Chinese [37]
rs10553577 Meta-analysis 

Caucasian
[36]

Immune system 
and others

CHRM3 1q43 rs7548522
rs4620530
rs11578320
rs6690809
rs12072029

Swedish and 
Norwegian

[65]

CTLA4 2q33.2 +49G allele
CT60 allele

Australian 
Caucasian

[66]

FAM167A-
BLK locus

8q23.1 rs12549796
rs12677843
rs2736340
rs13277113

Swedish and 
Norwegian

[51]

rs2736340
rs13277113

Han Chinese [52]

rs2736345
rs2729935

Meta-analysis 
Caucasian

[36]

rs7812879
rs2254546

Han Chinese [52]

FCGR3B 1q23.3 Copy number 
variation

Paisa community 
(85% Caucasian 
and 15% 
Amerindian)

[68]

Australian 
Caucasian

[69]

MECP2 Xq28 rs17435 European [70]
OAS1 12q24.13 rs10774671 Meta-analysis [71]
PTPN22 1p13.2 C1858T 

(R620W)
Colombian [72]
Caucasian [73]

TRIM21 11p15.5 C/T genotype Norwegian [38]
9571C/T Japanese [74]
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CCL7/CCL11 risk haplotypes for ectopic germinal center formation in pSS 
(p = 1.7 × 10−4, OR 2.17) [45].

CCR5
CCR5 (CD195) is the receptor for CCL3 (MIP1α) and CCL4 (MIP1β), chemokines 
implicated in the pathogenesis of pSS. A truncated form of CCR5 called CCR5Δ32 
due to the deletion of 32 bp in the coding sequence is famous for its protective effect 
against HIV infection (CCR5 is a co-receptor for HIV entry) in homozygotes. In 
2002, CCR5Δ32/CCR5 heterozygosis was associated with a reduced relative risk of 
pSS (OR = 0.35, p = 0.043) [46].

CXCR5
In 2013, a meta-analysis using GWAS and large-scale replication approaches identi-
fied a new risk locus in chromosome 11, near to the CXCR5 gene. The authors 
observed an association with a variant ~16 kb 5′ of the coding region of CXCR5 
(receptor for CXCL13) at rs7119038 (Pmeta = 1.10 × 10−8). However, no statistically 
significant cis-eQTL for CXCR5 has been observed in this region [36].

Interleukin 10 (IL-10)
Three SNPs are described in the promoter region of the IL-10 gene: G/A base- 
exchange polymorphism at −1082, −819 C/T polymorphism, and − 592 C/A poly-
morphism. The association between the GCC haplotype and pSS has been analyzed 
in four studies (Finnish, Spanish, French, and Japanese populations). In the Finnish 
population, the frequency of the IL-10 GCC haplotype was increased (P < 0.05, 
OR = 1.90) in pSS as compared with healthy controls [47]. The same observation 
was reported by a French study and a Spanish study (P = 0.003, OR = 2.25, and 
P = 0.006, respectively), and no significant association was observed in patients 
with anti-SSA/SSB antibodies [43, 48]. The last study reported that the GCC haplo-
type, which is predominant among white subjects, was less common in the Japanese 
population. The most common IL-10 haplotype in Japan is ATA. The frequency of 
the ATA haplotype was found to be increased in patients with pSS as compared with 
controls [49].

Interleukin 12A (p35)
Regarding CXCR5, a new risk locus in the IL-12A region was identified by 
GWAS. Seven variants were demonstrated, with the peak association occurring at 
5.3 kb in the 3′ of IL-12A at rs485497 (Pmeta = 1.17 × 10−10). This is the only locus 
that was associated with IL-12A transcript expression by cis-eQTL analysis. 
However, seven variants in the 3′ of IL-12A influenced expression more signifi-
cantly, with the eQTL peaking at rs4680536 (FDR = 2.04 × 10−2) [36].

IL-2/IL-21 Region
A meta-analysis performed in European and Colombian populations demonstrated 
that rs6822844 in the IL-2-IL-21 region (chromosome 4q27) was strongly associ-
ated with multiple autoimmune diseases (Pmeta = 2.61 × 10−25) and pSS in particular 
(P = 0.033) [50].
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4.3.2.2  TNF, TNFR, and Associated Molecules

TNFSF4 (OX40L)
A combined analysis of Swedish and Norwegian cohorts identified SNPs in the 
TNFSF4 gene locus that were associated with pSS. Two SNPs that were located in 
the 5′UTR region were in strong LD (r2 = 0.83) and associated with pSS: rs1234315 
(P < 0.001) and rs1234314 (P < 0.01). A third SNP, rs704840, which was located 
upstream of the TNFSF4 gene in the 5′UTR region which had a lower LD (with 
SNP rs1234315, r2 = 0.37) showed an association with pSS in a combined cohort 
(P < 0.001) [51]. This last SNP was also analyzed in a Han Chinese cohort, and no 
significative association with pSS was shown (P  =  0.068) [52]. However, when 
genotype frequencies were analyzed, they identified a new SNP in the TNFSF4 gene 
locus associated with pSS: rs2205960 (T/G) (P = 0.026 for T/T genotype). This new 
association was confirmed by another study in a Han Chinese cohort at the allelic 
and genotypic level (allele T and genotype T/T) [53].

BAFF (TNFSF13B) and BAFF-R (TNFRSF13C)
TNFSF13B, better known as BAFF, is a famous cytokine involved in autoimmune 
diseases. Thus, it is not surprising that some studies have attempted to analyze 
genetic variations in the TNFSF13B gene. In 2008, four SNPs located in the 5′ regu-
latory region of TNFSF13B were identified: rs9514827 (−2841 C/T), rs3759467 
(−2704 C/T), rs1041569 (−2701 A/T), and rs9514828 (−871 C/T). These SNPs 
were studied in a haplotype block because they were in strong LD (P < 0.000001), 
with r2 = 0.94 between rs9514827 and rs9514828, the two most distant SNPs. The 
CTAT haplotype was significantly increased in pSS patients (P = 0.004; OR = 2.12) 
as compared to the TTAC haplotype, which was most frequent in controls. Moreover, 
the CTAT haplotype association was apparently specific to SSA/SSB autoantibody- 
positive pSS patients (P  =  0.00004, OR  =  2.59), and its frequency was often 
decreased in SSA/SSB-negative pSS patients (P  =  0.16, OR 0.47) [54]. During 
B-cell ontogenesis, BAFF signaling essentially acts through BAFF-R (TNFRSF13C). 
A mutation in the coding region of TNFRSF13C (missense substitution of tyrosine 
for histidine in codon 159 [His159Tyr]) seems to be more prevalent in pSS cases as 
compared to healthy controls (6.9% vs. 1.7%, respectively) and associated with 
MALT lymphoma development [55].

Fas (TNFRSF6)
Two studies reported genetic variations in the form of SNPs in the TNFRSF6 gene 
located at −671 in the former study and at −670 in the latter study. In the first study, 
the authors observed a higher frequency of the G/G genotype at position −671 in 
pSS patients as compared to controls [56]. In the second study, they analyzed two 
common SNPs in the promoter region of the TNFRSF6 gene: −1377 G/A and −670 
A/G.  No significant differences in allele or genotype frequencies were detected 
between patients and controls. However, the authors observed that A allele at −670 
was more frequent in SSA/SSB-negative patients as compared to SSA/SSB-positive 
patients [57].
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TNFAIP3
The TNFAIP3 (tumor necrosis factor, alpha-induced protein 3) gene is a key regula-
tor of NF-kB signaling in activated T cells. Only 1 study in a Caucasian population 
identified an association between 1 SNP (rs2230926) and patients with pSS 
(P = 0.038; OR = 3.11), but the authors analyzed only 18 patients [58]. This SNP 
has been also identified in a Han Chinese population by GWAS (P = 5.11 × 10−2; 
OR  =  1.38) [37]. The authors also identified another SNP at rs5029939 
(P  =  3.69  ×  10−2; OR  =  1.41) that was associated with pSS patients. However, 
another study in a Han Chinese population, which did not used GWAS, showed no 
significant difference between patients with pSS and controls for rs2230926 or 
rs5029939 [52]. The GWAS in the Caucasian population proposed TNFAIP3 as a 
region associated with pSS at rs6933404 (Pmeta = 6.53 × 10−8; ORmeta = 1.29) and at 
rs35926684 (Pmeta = 7.21 × 10−8; ORmeta = 1.29) [36].

TNIP1
TNIP1 (TNFAIP3 interacting protein 1) is implicated in the regulation of NF-kB 
signaling, and some SNPs of this gene have been associated with several autoim-
mune diseases. Three SNPs in the TNIP1 locus (chromosome 5q33.1) have been 
identified by two different meta-analyses. The first analyzed Scandinavian (Swedish 
and Norwegian) and UK cohorts and detected two SNPs, rs3792783 and rs7708392, 
that were significantly associated with pSS (P  =  2.2  ×  10−4, OR  =  1.26, and 
P = 1.4 × 10−3, OR = 1.19, respectively). Moreover, these two SNPs were signifi-
cantly associated with SSA/SSB-positive pSS patients [59]. The second meta- 
analysis identified a new SNP in the TNIP1 region, rs6579837, the only SNP of 
genome-wide significance (P < 5 × 10−8), with Pmeta = 3.3 × 10−8 [36]. Nevertheless, 
29 other SNPs showed evidence of association, with Pmeta < 5 × 10−5, one of which 
was rs3792783 (Pmeta = 1.74 × 10−6). The rs7708392 SNP (Pmeta = 9.5 × 10−5) did not 
surpass the suggestive association threshold (P < 5 × 10−5). In the cis-eQTL analy-
sis, the authors observed the most statistically significant SNP at rs73272842, which 
was located in TNIP1 (FDR = 2.80 × 10−3; Pmeta = 1.58 × 10−5), where multiple regu-
latory elements have been identified [36].

4.3.2.3  Transcription Factors

EBF1
EBF1 (early B-cell factor 1) and PAX5 have been described as crucial keys in the 
development of B cells. Only one study performed using Swedish and Norwegian 
cohorts showed a significant association between genetic variation in the EBF1 
gene and pSS [51]. The authors identified two SNPs (among the 66 analyzed), 
rs3843489 (EBF1 intron 10) (P  =  9.9  ×  10−5) and rs869593 (EBF1 intron 6) 
(P = 2.0 × 10−3), which had a low LD (r2 = 0.12).

GTF2I
One SNP in GTF2I (general transcription factor 2I) at rs117026326 has recently been 
associated with pSS by two studies in a Han Chinese population using GWAS. 
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The former study included a three-stage GWAS, and the combined analysis identified 
GTF2I at 7q11.23 (Pcombined = 1.31 × 10−53, ORcombined = 2.20) [37]. The second GWAS, 
also performed in Han Chinese but only on females, confirmed this strong association 
between rs117026326 and pSS (P = 1.10 × 10−15, OR = 1.982) [40].

IKZF1
The IKZF1 (IKAROS family zinc finger 1) gene is located at 7p12.2 and encodes a 
transcription factor crucial for lymphocyte activation. A recent GWAS in a Han 
Chinese cohort identified two SNPs near the IKZF1 locus that were associated with 
pSS using an additive logistic regression model: rs4917014 (P  =  5.5  ×  10−4, 
OR = 0.72) and rs4917129 (P = 1.2 × 10−3, OR = 0.76) [60].

NFKBIA
Polymorphism in the promoter of NFKBIA (nuclear factor of kappa light polypep-
tide gene enhancer in B-cell inhibitor alpha), also called IκBα, NF-κB regulator, is 
particularly important. Five SNPs (−881 A/G, −826 C/T, −550 A/T, −519 C/T, and 
−297 C/T) have been analyzed via RFLP in a Taiwanese population. The authors 
demonstrated that the genotype frequency of NFKBIA −826 T/T was significantly 
higher in patients with pSS as compared to controls, who more frequently exhibited 
the NFKBIA −826 C/C genotype (P < 0.001 for both) [61].

IRF5 (IRF5-TNPO3 Locus)
The transcription factor IRF5 (interferon regulatory factor 5) has been involved in 
type I IFN production. Given the data on type I IFN involvement in autoimmune 
diseases, it was not surprising that several genetic variations of IRF5 gene have 
been associated with pSS. The IRF5 and TNPO3 genes are in the same locus with 
a strong LD. The first variation described was a 5-bp insertion/deletion polymor-
phism (CGGGG indel) located in the promoter region of IRF5. Two alleles of 
IRF5 CGGGG indel, consisting of three repeats (3R) or four repeats (4R) of the 
CGGGG sequence, were identified. The carriage of the IRF5 4R CGGGG allele 
was associated with a strongly increased risk of developing pSS (P = 7 × 10−5; 
OR = 2.67) [62]. The same year, this CGGGG indel polymorphism was also asso-
ciated with pSS in a combined Swedish and Norwegian cohort (Pcombined = 2.41 × 10−5, 
ORcombined = 1.49) [63]. Two years later, the same team identified two SNPs in this 
locus that are in perfect LD (r2 = 1) and strongly associated with pSS in a com-
bined Swedish and Norwegian cohort: rs10488631 (3′UTR of IRF5) and 
rs13246321 (located in the TNPO3 gene) (Pcombined = 5.5 × 10−6). In 2013, the first 
GWAS meta- analysis conducted on a Caucasian cohort showed that outside the 
HLA region, the IRF5-TNO3 locus was the locus most statistically significantly 
associated with pSS.  The authors identified 67 SNPs that exceeded the 
Pmeta < 5 × 10−8 threshold, with a peak effect observed in the IRF5 promoter region 
(rs3757387, Pmeta = 2.73 × 10−19) [36]. Among these 67 SNPs significantly associ-
ated with pSS, they identified the two SNPs observed in the Swedish and 
Norwegian cohort: rs10488631 (Pmeta  =  5.36  ×  10−16) and rs13246321 
(Pmeta = 1.27 × 10−13).
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STAT4
The transcription factor STAT4 (signal transducer and activator of transcription 
4) is an important regulator of adaptive immunity [64]. The first SNP in the 
STAT4 gene to be associated with pSS has been described in a combined Swedish 
and Norwegian cohort: rs7582694 (Pcombined = 1.45 × 10−3, OR = 1.41) [51, 63]. 
This association was confirmed in 2013, using GWAS meta-analysis in a 
Caucasian cohort (Pmeta = 1.27 × 10−13) in which 12 variants showed a statistically 
significant association (exceeding the GWAS threshold), with a peak association 
located at rs10553577 (Pmeta = 6.80 × 10−15) and characterized by an insertion/
deletion polymorphism [36]. However, neither effect resulted in a statistically 
significant cis- eQTL. In a GWAS study preformed in a Han Chinese population, 
the authors identified a new SNP in the STAT4 gene (not identified in the GWAS 
in a Caucasian cohort) associated with pSS: rs10168266 (Pcombined = 1.77 × 10−17, 
ORcombined = 1.44) [37].

4.3.2.4  Immune System and Other Molecules

CHRM3
Ten years ago, antimuscarinic antibodies were described in pSS, which modulated 
salivary secretion by human submandibular acinar cells. Genetic variations in the 
CHRM3 gene (encoding muscarinic receptor 3) have been investigated in the 
Swedish and Norwegian cohort. No copy number variation in the CHRM3 gene has 
been observed between pSS and controls, but five SNPs, located in introns 3 and 4, 
exhibited associations with pSS. The strongest association has been observed with 
rs7548522 (minor allele frequency (A) = 0.06, P = 0.0033; OR = 1.93) (rs11578320, 
P  =  0.0053; rs6690809, P  =  0.0087; rs6429157, P  =  0.015; and rs4620530, 
P = 0.0062). However, none of these showed an association with common clinical 
parameters (focus score, presence of anti-SSA/SSB autoantibodies, presence of 
ANAs, and abnormal Schirmer’s test) [65].

CTLA4
Cytotoxic T lymphocyte-associated antigen 4 (CTLA4) is a crucial negative regula-
tor of T-cell activation and cytokine production, and some SNPs have been associ-
ated with susceptibility to autoimmune diseases. Two of these SNPs have been 
investigated in relation to pSS: +49A/G polymorphism in exon 1, resulting in 
threonine- to-alanine conversion at codon 17, and the noncoding CT60A/G poly-
morphism, located in the 3′ region of the CTLA4 gene [66]. Significant differences 
were observed in the frequency of the CTLA4 haplotype between patients and con-
trols (P = 0.032). Relative to the +49G; CT60G haplotype, the frequencies of both 
the +49A; CT60A haplotype (OR  =  1.53) and the +49A; CT60G haplotype 
(OR = 1.78) were increased in patients with pSS as compared to controls [66].

FAM167A (C8orf13)-BLK Locus
Several genetic variations of the FAM167A-BLK region (family with sequence simi-
larity 167, member of the A-B lymphoid tyrosine kinase) have been identified and 
associated with pSS. In the combined Swedish and Norwegian cohort, four SNPs 
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have been described (P < 0.001) as associated with pSS: rs12549796 (in the second 
intron of FAM167A, Pcombined = 4.7 × 10−4, ORcombined = 1.37), rs12677843 (in first 
intron of BLK, Pcombined  =  7.0  ×  10−4, ORcombined  =  1.37), and two SNPs, located 
between these two genes, rs2736340 (Pcombined = 1.4 × 10−3, ORcombined = 1.36) and 
rs13277113 (Pcombined  =  2.2  ×  10−3, ORcombined  =  1.35). The SNPs rs2736340 and 
rs13277113 are in a very strong LD (r2 = 0.98) [51], and the frequencies of haplo-
type T and A were higher in pSS cases as compared to controls in a Han Chinese 
population (P = 0.034 and P = 0.026, respectively) [67]. These two SNPs have been 
also identified by a GWAS meta-analysis performed in 2013 in a Caucasian cohort 
(exceeded the Pmeta < 5 × 10−8 threshold) and associated with pSS (Pmeta = 3.27 × 10−9 
for rs2736340 and Pmeta = 1.31 × 10−9 for rs13277113) [36]. No significant associa-
tion with pSS was shown in the FAM167A-BLK region via GWAS in two studies in 
Han Chinese populations [37, 40]. However, another study in a Han Chinese popu-
lation identified two new SNPs (not identified by the previously mentioned studies), 
rs7812879 and rs2254546, the genotype frequencies of which showed associations 
with pSS (P = 0.005 and P = 0.010, respectively) [52].

FCGR3B
The FCGR3B (Fc fragment of IgG, low-affinity IIIb, receptor) gene, located in 
1q23.3, encodes the CD16b protein, and copy number variations (CNVs) have been 
associated with susceptibility to systemic autoimmune diseases. Two studies inves-
tigated FCGR3B CNVs in pSS. The older study, conducted in the Paisa community, 
concluded that low (<2 copies) and high (>2 copies) CNVs of FCGR3B (P = 0.074, 
OR  =  2.01, and P  =  0.048, OR  =  2.26, respectively) were associated with an 
increased risk of developing pSS [68]. The second study, conducted in an Australian 
population, showed that only low copy numbers of FCGR3 (<2 copies) were a risk 
factor for pSS (p = 0.016) [69].

MECP2
A genetic association between the MECP2 gene (methyl-CpG binding protein 2) 
and in lupus has been reported. The following year, a SNP in MECP2 located at 
rs17435 was shown to exhibit high allele (T) and genotype (TT) frequencies in pSS 
cases as compared with controls (P  =  0.0016, OR  =  1.33 for allele risk and 
P = 0.0024, OR = 2.17 for genotype risk) [70].

OAS1
A recent study combining GWAS (765 pSS and 3825 controls) and gene expression 
data (microarray on whole blood, 115 anti-Ro+pSS cases vs. 56 healthy controls) has 
identified, through cis-eQTL analyses, an association between the rs10774671 SNP, 
located in OAS1 (2′5′-oligoadenylate synthetase 1) gene locus, and pSS. Microarray 
analyses (FDR < 0.05, −2 < FC>2) have identified 73 differentially expressed genes, 
among which 57 genes are regulated by type I IFN such as the OAS1 gene [71]. This 
SNP is an A/G substitution within the consensus sequence of a splice acceptor site in 
the fifth intron of the OAS1 gene, which is known to alter normal splicing and induce 
isoforms. The impact of the genotype at rs10774671 (GG, GA, or AA) on the tran-
script levels of four isoforms of OAS1 (p46, p42, p44, and p48) has been determined 
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by performing a RNA-seq analysis on whole blood (57 pSS cases and 27 healthy 
controls) [71]. The pSS risk allele A (genotype GA or AA) for this SNP was corre-
lated with the increased expression of the p42 isoform (P = 1.30 × 10−7) and also that 
of the p44 and p48 isoforms (P = 1.78 × 10−3 and P = 1.19 × 10−5, respectively). In 
contrast, the expression of the p46 isoform was shown to be decreased in samples 
with the AA genotype (P = 3.48 × 10−10). Moreover, the in vitro type I IFN stimula-
tion of EBV-immortalized B cells from pSS patients indicated the upregulated 
expression of p46 protein in GG and GA subjects [71].

PTPN22
The association between pSS and the polymorphism of PTPN22 (protein tyrosine 
phosphatase non-receptor 22) is controversial. Two studies have assessed the 
PTPN22 polymorphism C1858T in pSS as compared to controls. The first identified 
a significant association between the T allele and pSS (OR = 2.42) in a Colombian 
population [72], while the second, performed on Caucasians, showed no significant 
difference in the allele between pSS cases and controls [73].

TRIM21
A major characteristic of pSS is the production of autoantibodies against ribo-
nucleoprotein complexes composed of the Ro/La protein (Ro 52  kDa, Ro 
60 kDa, and La 48 kDa). A C/T polymorphism located in intron 3 of the Ro 52 
gene was present at a significantly higher frequency in anti-Ro + pSS patients 
than in controls (P = 0.00003, 52.6% vs. 12.5%, respectively) [38]. This poly-
morphism was not associated with the presence of anti-Ro antibodies in Japanese 
patients [74].

4.4  Epigenetic Mechanisms in Sjögren’s Syndrome

Epigenetic mechanisms are crucial in immune cell differentiation, function, and 
adaptation to external solicitations. Thus, these mechanisms play a pivotal role in 
the immune system and confer the cell plasticity needed to integrate and define a 
new transcriptional program. Epigenetics is defined by its capacity to modulate 
gene expression without affecting the DNA sequence, and this phenomenon is 
reversible and heritable. These mechanisms, which are specific to a given cell type, 
include DNA methylation, posttranslational histone modifications, and noncoding 
RNA, which affect chromatin structure and may either repress or enhance gene 
transcription. Important modifications of these processes have been observed in 
pathologies, particularly in cancer and autoimmune diseases [75].

4.4.1  Environmental Factors

The use of hydralazine and procainamide drugs interfering with DNA methylation 
leads to the appearance of pSS associated with lupus in humans and mice. Further 
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observations support a role for other environmental factors in pSS via the alteration 
of the epigenetic machinery. In this context, ultraviolet light, smoking, chemicals, 
and psychological stress have been described as likely examples of this phenome-
non. Other arguments could be made regarding, for example, the fact that monozy-
gotic twins have a genetic pSS rate of only 15–25%, highlighting the role of 
epigenetics rather than that of genetics [76], as well as a pSS geoepidemiology 
distribution that reveal highest rates of this disease in Northern countries. Moreover, 
viruses have been incriminated in pSS development, such as the Epstein-Barr virus 
(EBV) and human herpes virus 6 (HHV6). This supposition was correlated with an 
increased prevalence of a specific IgG against EBV or HHV6 [77]. A cross-reaction 
with the SSB/La protein was also described for these two viruses because of the 
common epitopes shared with the viruses. Nevertheless, no direct proof was reported 
regarding the role of these viruses, which are frequently found in human popula-
tions. In any event, various studies have demonstrated their nonimplication in the 
pathophysiology of this disease.

As a whole, these observations strongly suggest a major role on the part of epi-
genetic mechanisms in the development of pSS [78].

4.4.2  Global Analysis of DNA Methylation

4.4.2.1  In pSS, DNA Demethylation Is Preponderant
As an epigenetic process, DNA methylation is a stable, heritable, and reversible 
change transmitted to the next cellular generations based on the covalent transfer, 
via DNA methyltransferases (DNMTs), of a methyl group to the fifth carbon of the 
cytosine pyrimidine ring in a CpG dinucleotide [79]. DNA methylation acts on gene 
transcription directly, by preventing the fixation of transcription factors on DNA, or 
indirectly, by encouraging the compaction of DNA through the recruitment of his-
tone deacetylases (HDAC) and histone methyltransferases (HMT). Conversely, the 
demethylation of DNA can be a passive phenomenon occurring during cellular divi-
sion or an active phenomenon initiated by the oxidative enzyme TET (ten eleven 
translocation). In mammals, chromatin is normally methylated, and areas that are 
demethylated are regulating and transcriptionally active. The global rate of methyla-
tion found is around 70–80% and depends on the cellular type. For example, low 
methylation rates have been found in immune system cells.

A global analysis of DNA methylation was realized on histological sections 
taken from minor salivary glands (MSG), epithelial cells isolated and cultured from 
MSG patients, and B and T cells from the peripheral blood [12]. These analyses 
demonstrated in cases of pSS: (1) a major reduction of global DNA methylation in 
salivary glands occurs, and this reduction was prominent in epithelial cells; (2) this 
default was conserved in culture and was associated with the repression of DNMT1 
methylation enzyme expression; and (3) conversely, a difference in global DNA 
methylation was observed in T and B peripheral blood lymphocytes taken from 
patients and those taken from controls, indicating that these epigenetic modifica-
tions preferentially affect epithelial cells.
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4.4.2.2  Implication of Lymphocytes in DNA Methylation from Minor 
Salivary Gland Epithelial Cells

The presence of a major lymphocyte infiltration in MSG was associated with a 
decrease in methylation. In fact, the methylation rate found was inversely propor-
tional with the Tarpley score, which is used to grade the severity of inflammatory 
infiltrate [80]. During this process, a role for B lymphocytes was strongly sus-
pected because DNA methylation anomalies could also be found when an immor-
talized human epithelial cell line (HSG, human salivary gland) was co-cultured 
with B lymphocytes, and conversely this anomaly could be inhibited with anti-B 
lymphocyte therapies [12]. This observation allows for important therapeutic 
perspectives.

4.4.3  Complete Analysis of Methylome

4.4.3.1  DNA Methylation Analysis of CpG Motifs from Peripheral 
Blood Cells

Three groups used HM450K technology to study DNA methylation across the 
entire genome in peripheral blood mononuclear cells (PBMC), T lymphocytes 
(naive and totals), and B lymphocytes from patients with pSS, as seen in Table 4.2 
[81–83]. Despite the use of different analysis methods, several points can be under-
scored. Firstly, hypermethylated regions of DNA were found on type I and II 
antigen- presenting HLA genes and also on several genes regulated by interferon 
type I (IFI44L, IFITMI). Secondly, some specific signaling pathways regulated by 
DNA methylation were found in T lymphocytes (protein carrier of solutes and the 
transcription factor RUN2X) and in B lymphocytes (B-cell receptor, genes of devel-
opment). Thirdly, this effect is prominent in patients with anti-SSA/SSB antibodies 
and B lymphocytes because the modifications of methylation are 50 times more 
important in these latter cells than in T lymphocytes [82].

4.4.3.2  Analysis of Methylation from DNA CpG Motifs of Minor 
Salivary Glands

Using HM450K beadchips, two groups analyzed DNA methylation in the MSGs of 
pSS patients. However, the limit of this approach is connected to the heterogeneity 
of the samples because the glands studied contained acinar and tubular epithelial 
cells and also immune cells. Despite this limitation, in GWAS, the IFN signaling 
pathway was found correlated with the expression of demethylated OAS2, a gene 
that is inducible by IFN. The other regions that were differentially methylated con-
cern microRNAs and a wide variety of genes implicated in cellular activation, anti-
gen presentation, and the production of autoantigens [84], as seen in Table  4.2. 
Moreover, these alterations of DNA methylation seem to be associated with the 
severity of the disease [84].

As indicated previously, these analyses, which were realized using a mixture of 
cells, do not fully reflect the impact of DNA changes in epithelial cells from MSGs. 
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This limitation was indicated by the use of epithelial cells from MSGs that were 
cultured for 3 weeks to obtain a pure cellular population of salivary gland epithelial 
cells (SGECs) [85] (Table  4.2). Important differences were identified between 
SGECs taken from patients and those taken from controls using the HM450K bead-
chips. The differences are primarily seen in a large number of the genes regulated 
by IFN (61%). Moreover, the calcium (implicated in the control of salivary flux) and 
Wnt (implicated in the survival and differentiation of epithelial cells) signaling 
pathways have also been highlighted.

4.4.4  Epigenetic Reprogramming and Its Consequences

4.4.4.1  miRNAs
MicroRNAs (miRNAs) are small RNA molecules that contain 18–25 nucleotides 
and regulate gene expression at the posttranscriptional level. Alterations in their 
expression levels play crucial roles in a wide range of physiological and pathologi-
cal processes. miRNAs affect gene expression via (1) their binding to complemen-
tary sites on the 3′ tails of messenger RNA transcripts and their targeting of these 
transcripts for degradation by the RNA-induced silencing complex (RISC) [86], (2) 
the binding and destabilization of mRNAs without cleavage, (3) their ability to 
reduce the efficiency of ribosomal translation [86], and (4) their involvement in pSS 
pathology, which was investigated in MSGs, T lymphocytes, B lymphocytes, mono-
cytes, and SGECs (Table 4.3).

4.4.4.2  Retrotransposons
Retrotransposons are groups of mobile DNA elements that copy and paste them-
selves using RNA molecules. More than 50% of our genome is composed of 
these elements, which correspond to DNA sequences, are invasive, and, after 
transcription, are randomly inserted into genome and thus increase their copy 
numbers [87]. In humans, long interspersed nuclear elements (LINEs, L1) repre-
sent 21% (500,000 copies) of the genome. They are the most active retroelement. 
However, 80–100 copies of these elements have maintained their mobility [87]. 
Alu elements are also heavily present in the genome (10%) and belong to the 
short interspersed nuclear element (SINE) family. These SINEs are nonautono-
mous elements that do not encode protein and, as a consequence, require LINEs 
to propagate [87]. Finally, human endogenous retrovirus represents 8% of the 
human genome.

In order to maintain genome integrity, control mechanisms are necessary, and 
DNA methylation is a help in this regard. For example, HRES-1 (human T-cell 
leukemia-related endogenous retrovirus) is inserted in the long arm of chromo-
some 1 at position 1q42 and controlled by DNA methylation. During the loss of 
this control, Gag p38 autoantigen is expressed, inducing the production of anti-
Gag p38 autoantibodies. This phenomenon is observed in 10% of patients with 
pSS as compared to 1.5% of healthy controls. Moreover, Alu transcripts are found 
to be increased in pSS [88]. Induced by type I IFN, Alu allows its own production 
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and that of other proinflammatory cytokines. It also fixes the autoantigen Ro60 
and the Alu-Ro60 complex, as well as anti-Ro60 autoantibodies, which are fre-
quently found in lupus and pSS [89]. In MSGs, in addition to the expression of 
HRES-1, other retroviruses have also been found to be surexpressed, such as 
HERV-K113, HERV-5, and elements of HERV-E. Recently, Mavragani et al. con-
firmed decreased L1 promoter methylation and increased L1 expression in MSG 
tissues. They suspected a potential contributory role on the part of the altered 
methylation mechanisms and related lymphoproliferative processes observed in 
the disease [90].

4.4.4.3  Autoantigens
The demethylation of the ssb/la promoter is observed in patients with pSS, which 
induces the surexpression of this autoantigen transcription, as well as the transla-
tion, processing, and production of anti-SSB/La autoantibodies. This effect is found 
regarding the treatment of HSGs with 5-Aza, demonstrating the impact of DNA 
demethylation on this autoantigen in pSS cases [80]. Similar observations have been 
made regarding ICA1. In parallel, several studies on miRNAs underscored the 
potential involvement of hsa-miR-200b-3p, hsa-Let-7b, and hsa-miR-16 (Table 4.3) 
in TRIM21 transcription regulation.

4.4.4.4  Other Genes
The treatment of 5-Aza induces an increase in cytokeratin 19 expression in the HSG 
cell line [91] and also in the aquaporin 5 (aq5) gene. An analysis performed after the 
bisulfite sequencing of the aq5 promoter shows the hypermethylation of the CpG 
islands at the level of binding sites for the transcriptional factor Sp1. 5-Aza, while 
demethylating these sites, allows Sp1 to be linked to DNA and initiate the transcrip-
tion of aq5. Other gene promoters were analyzed, particularly that of the gene for 
dystonine (dst). The hypermethylation of this promoter is observed during the sur-
expression of an epithelial alternative splicing variant, antigen 1 from bullous pem-
phigoid, which is described as able to act as an autoantigen in other autoimmune 
diseases, such as multiple sclerosis.

4.4.5  Link Between Genetic and Epigenetic Risk Factors

More than 40 risk factors not associated with HLA were found in pSS, thanks to 
the development of sample genome analysis in Chinese and Caucasian popula-
tions. The genetic loci associated with pSS are also associated with the key patho-
logical pathways, including antigen presentation (HLAI/II), genes inducible by 
type I IFN (IRF5, STAT4), the NF-kB pathway (TNIP1, TNFAIP3), and B lympho-
cyte activation (CXCR5, BLK) [92]. It seems interesting to analyze the expression 
of certain risk factors. In fact, these factors are suspected to control gene expres-
sion via various actions if they are present in promoter, enhancer, or insulator 
regions. These actions affect the transcriptional machinery; the spliceosome 
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formation, which controls intron excision; the activation of nonsense RNA mes-
sengers; and the control of RNA messengers via microRNA. Moreover, they could 
be associated with a specific tissue and influence the autoreactivity of certain cell 
targets, notably B lymphocytes. It must be said that half of these factors are found 
in lupus and other autoimmune diseases and can be considered major immune 
elements in the development of these diseases (IL-10, IL-21, receptors (TNFSF4/
CD252), transcription factors (IRF5), and specific proteins of B lymphocytes 
(BLK, BANK1)).

4.5  Genetic Alterations in Sjögren’s Syndrome-Related 
Lymphoma

4.5.1  Lymphomagenesis Scenario in Primary Sjögren’s 
Syndrome

In the current lymphomagenesis scenario of pSS, the evolution of a malignant pro-
liferation of B lymphocytes from an inflammatory infiltration is certainly a com-
plex and multistep process. On the one hand, pSS disease promotes chronic 
exposure to a range of unknown autoantigens in the salivary and lacrimal gland 
tissues, which leads to persistent proliferation and the clonal expansion of B cells. 
On the other hand, genetic predispositions, typically translocations involving 
immunoglobulin gene loci and proto-oncogenes or other genes involved in cell 
cycle regulation, promote the uncontrolled expansion of neoplastic B cells. Indeed, 
several genetic alterations have been suggested as possible mechanisms underlying 
neoplastic diversion in the setting of pSS such as the translocations involving the 
MALT1 gene t(11;18)(q21;q21) and t(14;18)(q32;q21) [93]. Moreover, the B cell 
itself undergoes several potentially dangerous genetic events during its develop-
ment, including IGHV- IGHD- IGHJ recombination, class-switch recombination, 
and somatic hypermutation, all of which involve double-stranded breaks and hence 
an increased chance of generating genetic aberrations. In an interesting way, chro-
mosomal translocations into Ig heavy-chain t(14;18) have been described in sali-
vary gland biopsies of pSS cases who develop lymphoma but not in the biopsies of 
pSS cases without lymphoma. This translocation juxtaposes the bcl-2 gene with 
the Ig heavy-chain locus, leading to the deregulation of apoptosis and increased 
B-cell survival [93].

Furthermore, one of the hypotheses that has been put forward is that some genetic 
mutations controlling nuclear factor-kB (NF-kB) activation could contribute, along 
with many other factors, to propagating inflammation, favoring autoimmunity, and 
activating autoimmune B cells, with consequences in only those B cells that are 
continuously stimulated by immune complexes, promoting their escape as lym-
phoma B cells [94]. Thereby, genetic mutations involved in cellular proliferation 
and the nuclear factor NF-kB pathway were reported in pSS with MALT lymphoma. 
One example is at specific mutation of B-cell activating factor receptor (BAFF-R) 
(His159Tyr), which leads to the activation of the NF-kB2 pathway or even genetic 
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variations impacting the function of TNFAIP3 (A20) protein, which can be described 
as negative feedback for NF-kB activation [94].

Some studies also underscore that chronic active B-cell receptor signaling is 
strongly associated with lymphoma cell survival [95]. Considering the close con-
nection between higher levels of disease activity and lymphoma development and 
the essential role of B cells in the pathogenesis of pSS, the same scenario probably 
occurs in the lymphomas that occur within this disease.

Finally, while MALT lymphoma is considered to be the main histological type of 
lymphoma in pSS, non-MALT lymphomas such as diffuse large B-cell lymphoma 
may also occur. Interestingly, MTHFR polymorphisms (an enzyme necessary for 
DNA synthesis and methylation) leading to genomic instability have been associ-
ated with only the non-MALT lymphoma subtype in pSS patients [96]. Another 
specific feature of pSS with non-MALT lymphoma is the translocation t(14;18)
(q32;q21), which was absent in MALT lymphoma but was detected in five of seven 
pSS patients with the non-MALT lymphoma subtype. The development of lym-
phoma in pSS patients is not yet completely understood. In a broader context, the 
underlying pathogenic events leading from benign autoimmunity to malignant 
transformation remain elusive. It is clear that the buildup of genetic mutations, 
translocations, and polymorphism may lead to this malignant transformation. In the 
section below, we will further describe the few studies that have explored this issue 
in pSS patients with lymphoma.

4.5.2  Chromosomal Translocation of MALT1

Histologically, MALT lymphomas are characterized by the proliferation of neoplas-
tic marginal zone-related cells that infiltrate epithelial structures to generate lym-
phoepithelial lesions and colonize reactive lymphoid follicles.

This lymphoid tissue becomes genetically unstable due to the acquisition of 
abnormalities. Two chromosomal aberrations, t(11;18) and t(14;18), which are 
mutually exclusive and involved the MALT1 gene, located on chromosome 18, have 
been reported as genetic events specific to MALT lymphoma.

The translocation t(11;18)(q21;q21) is the result of the fusion of the apoptosis 
inhibitor-2 (API2) gene and the MALT1 gene at the 11q21 and 18q21 breakpoints, 
respectively [97]. On the one hand, API2 inhibits the biological activity of caspases 
3, 7, and 9 and is described as an apoptosis inhibitor, while, on the other hand, 
MALT1 is involved in antigen-receptor-mediated nuclear factor-kB activation [97]. 
Consequently, the upregulation of these molecules promotes cellular proliferation 
and resistance to apoptotic signals. It has been reported that patients with gastric 
MALT lymphoma who carry this t(11;18)(q21;q21) translocation display more 
aggressive clinical courses.

The (14;18)(q32;q21) translocation is the result of the fusion of the Ig heavy- 
chain gene and the MALT1 gene at the 14q32 and 18q21 breakpoints, respectively. 
This translocation causes an overexpression of MALT1 that is controlled by the Ig 
heavy-chain gene. Consequently, this chromosomal translocation leads to the 
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overexpression of MALT1, likely promoting the dysregulation of the NF-kB activa-
tion pathway [98].

Moreover, it has been reported that a high incidence of t(11;18)(q21;q21) trans-
location is detected in gastric MALT lymphomas, whereas this translocation is 
rarely found in MALT lymphomas outside of the gastrointestinal tract. In contrast, 
the translocation t(14;18)(q32;q21) has been observed more frequently in non- 
gastrointestinal MALT lymphomas, mainly those of the liver, lung, and ocular 
adnexa [99]. Interestingly, this dichotomy is also found in pSS patients with MALT 
lymphomas. Indeed, Streubel et al. evaluated the frequency of these translocations 
in 26 pSS patients with MALT lymphoma and found the translocation t(11;18)
(q21;q21) in 6 of 9 (67%) patients with gastric MALT lymphoma and pSS, as 
opposed to only 1 of 17 patients (6%) with extra-gastrointestinal lymphoma. In 
contrast, regarding the patients who were positive for t(14;18)(q32; q21), three had 
extra- gastrointestinal lymphomas, and only one had gastric lymphoma [93].

To summarize, the frequency of translocations involving MALT1 appears to be 
low in patients with extra-gastrointestinal MALT lymphoma associated with pSS. In 
contrast, MALT1 rearrangement is frequently present in patients with gastric MALT 
lymphoma and pSS (78%).

These translocations, which involve immunoglobulin gene loci, a gene involved 
in cell cycle regulation, and the NF-kB activation pathway, likely contribute to the 
uncontrolled expansion of B cells and malignant expansion.

4.5.3  BAFF Genetic Variants and BAFF Receptor Mutation

BAFF, a member of the TNF family, is a key regulator of B-cell development from 
the T1 to the T2 stage and survival, conferring resistance to apoptosis [100].

BAFF plays a key role in malignant B-cell survival. BAFF production has been 
correlated with histological grade and patient survival in a study on NHL patients. 
BAFF is also implicated in the pathogenesis of pSS and is believed to be a major 
player in pSS lymphomagenesis based on its potent inducer effect on B lymphocyte 
activation and proliferation. Quartuccio et al. reported an increase in serum BAFF 
levels in pSS patients with either lymphoma or pre-lymphomatous manifestations, 
as compared to those with a low risk of lymphoma. Furthermore, BAFF levels have 
been found to be associated with B-cell clonal expansion in the salivary glands and 
also with disease activity scores [17]. BAFF is highly overexpressed in several auto-
immune diseases, with increased mean serum levels in pSS patients, even higher 
than those in SLE or RA patients. The underlying abnormalities involved in the 
deregulation of BAFF may be explained, in part, by genetic variations. For instance, 
the rs9514828 polymorphism in the promoter of the BAFF gene (−871C/T) has 
previously been linked to heightened BAFF transcription levels [101]. Nezos et al. 
reported that the pSS population that was at a high-risk of lymphoma development 
had a higher prevalence of the rs9524828 T allele in the BAFF promoter as com-
pared to HC [28]. Even more interestingly, the authors also demonstrated, for the 
first time, the contribution of BAFF gene polymorphisms to the pathogenesis of 
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pSS-related lymphomagenesis. They identified a lower frequency of the AA geno-
type of the rs12583006 polymorphism in the high-risk pSS group as compared to 
low-risk pSS patients. These authors hypothesized that this allele has a potential 
protective effect against lymphoma development in a pSS setting. They also suggest 
that another polymorphism or mutations of the BAFF gene or other related immune 
genes may cooperate with this risk allele, mentioning in their conclusions the exam-
ple of the deregulated expression of BAFF receptors [28].

In this respect, a strong link was recently demonstrated between a His159Tyr 
BAFF-R mutation and both pSS and pSS-related lymphoma [55]. Papageorgiou 
et  al. identified an increased prevalence of the BAFF-R His159Tyr mutation in 
patients with pSS, particularly in those with pSS complicated by MALT lymphoma 
whose disease onset occurred at a younger age. Therefore, this mutation of BAFF-R 
has been associated with a high risk of lymphoproliferation in patients with NHL 
through the activation of the NF-kB pathway [102]. Interestingly, the presence of the 
His159Tyr mutation in the pSS-lymphoma patients group was also associated with 
faster lymphoma development, whereas in non-lymphoma pSS patients, the muta-
tion was associated with hypergammaglobulinemia and rheumatoid factor positivity 
[55]. This mutation is more frequent among the pSS patient population as compared 
to patients with other autoimmune diseases, such as SLE and RA. The authors pro-
pose that this could account for the higher prevalence of pSS-related lymphoprolif-
erative diseases seen among all autoimmune disease populations [103].

Finally, because the presence of the BAFF-R mutation has been strongly associ-
ated with a shorter interval between pSS diagnosis and lymphoma development, as 
well as B-cell hyperactivity and rheumatoid factor positivity, the authors suggest 
that genetically determined enhanced B-cell signaling could accelerate disease 
onset, providing a plausible explanation for the increased prevalence of the 
His159Tyr BAFF-R mutation in the younger disease subset [55].

4.5.4  TNFAIP3 (A20) Inactivation

Protein A20, which is coded by the gene TNFAIP3, functions as a negative feedback 
regulator for NF-kB in many immune cells, and it is described as a potent endoge-
nous anti-inflammatory molecule. Reduced A20 activity has been observed in sev-
eral lymphoma subtypes that are associated with somatic mutations and chromosomal 
deletions in the TNFAIP3 region, as well as with epigenetic methylation in the pro-
moter region. TNFAIP3-knockout mice develop an autoimmune phenotype and 
have high rates of lymphoma. The TNFAIP3 gene locus also appears to play other 
roles in autoimmune diseases [58], and the dysregulation of the protein A20 has 
been observed in various human autoimmune diseases [104]. Interestingly, the abla-
tion of A20 in the B-cell lineage in mice increased the number of germinal center B 
cells and led to spontaneous autoimmune disease, but lymphomas did not develop 
spontaneously [105].

Genome-wide association studies have demonstrated associations between 
TNFAIP3 polymorphisms and the risk of other autoimmune diseases [58]. Many of 
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these studies have demonstrated an association with the exonic SNP rs2230926, 
which is located in exon 3, leading to the replacement of phenylalanine by cysteine 
at amino acid position 127 (rs2230926 T.G; F127C). In 2013, Nocturne et al. dem-
onstrated that the rs2230926 SNP was significantly associated with lymphoma 
development in pSS patients but no association was found between the rs2230926G 
variant and the risk of pSS among patients without lymphoma [106]. In a cohort of 
pSS patients with lymphoma, 12 (60%) of the 20 patients had functional abnormali-
ties of A20: 6 of germinal origin (germline DNA), 5 of somatic origin (in lymphoma 
DNA), and 1 of both. Among patients with MALT lymphoma complicated with 
pSS, this frequency reached 77%. This prevalence in pSS patients with MALT lym-
phoma is higher than that generally described in MALT lymphoma alone, which 
ranged between 22 and 28% [107]. Consequently, this supports the idea of the spe-
cific involvement of A20 inactivation in lymphoma-complicated autoimmune dis-
ease. In another work, the authors studied the association between a germline coding 
variant (rs2230926) of TNFAIP3 and the development of lymphoma in patients with 
pSS in two large cohorts of European subjects and confirmed that this germline mis-
sense variant was not associated with pSS in general but with a specific lymphoma 
complication of the disease. The rs2230926 minor (G) allele was more common in 
French controls as compared to UK controls. The same trend was seen among 
French patients with pSS as compared with UK pSS patients, including the subset 
of patients with lymphoma. However, this exonic variant was associated with pSS- 
associated lymphoma in both cohorts.

In addition, functional analyses have shown that cells with mutated A20 variants 
were less effective in reducing NF-kB activation after TNFa stimulation. The high 
prevalence of functional A20 defects in pSS-related MALT lymphomas indicates 
that reduced A20 function may be a relevant element over the course of lymphoma-
genesis in pSS [108].

In summary, TNFAIP3 is a transcriptional target of NF-kB that serves as a global 
feedback regulator to attenuate NF-kB activity. In this respect, polymorphisms and 
mutations of TNFAIP3 have an impact on A20 deficiency, which can lead to exag-
gerated NF-kB signaling and/or increased cell death. Because enhanced NF-kB sig-
naling has been linked to several types of human B-cell lymphoma, the A20 mediated 
restriction of this crucial signaling cascade may explain the tumor-suppressive func-
tion of A20 in B cells.

4.5.5  MTHFR Polymorphism in Non-MALT Lymphoma

The methylenetetrahydrofolate reductase (MTHFR) gene encodes for an enzyme 
that is essential in DNA synthesis and methylation. On the one hand, MTHFR cata-
lyzes the irreversible reduction of 5,10-methylenetetrahydrofolate (5,10-MTHF) to 
5-methyltetrahydrofolate (5-MTHF), which then gives rise to S-adenosylmethionine 
(SAM) formation, the global methyl group donor that is essential for the majority 
of biological methylation reactions. On the other hand, this process reduces the 
bioavailability of 5,10-MTHF, which ultimately allows uracil levels to decrease. 
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This is a critical point during DNA replication given that elevated uracil levels 
significantly enhance uracil misincorporation into DNA, resulting in increased 
DNA double- stranded breaks during the normal repair process. In contrast, dys-
function in the MTHFR enzyme can lead to aberrant gene expression by disturbing 
the process of DNA methylation via the reduction of SAM formation and, at the 
same time, to reduced DNA damage through decreased uracil levels, leading to 
incorrect DNA synthesis and repair. Two of the most well-studied common SNPs 
in the MTHFR gene occur at nucleotide position 677, where there is a cytosine-to-
thymine base change (rs1801133; 677C N T), and at nucleotide position 1298, 
where there is an adenine-to-cytosine base change (rs1801131; 1298A N C). Both 
polymorphisms result in a missense mutation, conferring a different protein con-
formation with lowered enzyme activity. The MTHFR c. 677C > T TT genotype 
has been associated with reduced DNA methylation levels, while the MTHFR c. 
1298A > C AC genotype has been associated with reduced DNA double-stranded 
break levels [109]. Genetic polymorphisms leading to dysfunction in the MTHFR 
enzyme have been associated with both the onset of cancer susceptibility and an 
increased risk of both autoimmune disorders and NHL development [110].

Recently, Fragkioudaki et  al. explored, for the first time, the potential role of 
these MTHFR polymorphisms in both pSS and pSS-related lymphomagenesis. 
Three hundred and fifty-six pSS patients, of whom 75 had extranodal marginal zone 
lymphoma and 19 had non-MALT NHL, and 600 HC patients were genotyped for 
the detection of MTHFR polymorphisms. Similar rates of both MTHFR c. 677C > T 
and c. 1298A > C polymorphisms were found among the pSS, pSS-lymphoma, and 
HC groups. Interestingly, regarding lymphoma subtype, the frequency of the 
MTHFR c. 677C > T TT homozygous genotype was higher in the pSS non-MALT 
group than in the pSS and HC groups. In contrast, the occurrence of the MTHFR c. 
1298A > C AC and CC genotypes was lower in the pSS non-MALT group in com-
parison to the pSS and HC groups. Furthermore, an allele analysis of the studied 
MTHFR variants has shown that the pSS non-MALT group exhibited increased 
MTHFR c. 677C > T T allele prevalence as compared to the HC group, with allele 
frequencies of 52.6% and 36.6%, respectively. On the other hand, a reduced rate of 
the minor MTHFR c. 1298A > C C allele was found in the pSS non-MALT group 
as compared to both the HC and pSS groups.

Finally, since double-stranded DNA breaks promote chromosomal instability, 
translocations, and aberrations that may contribute to increased cancer risk [111], 
Jackson and Bartek explored the functional implications of these variants linked to 
increase DNA damage levels, providing a plausible biological scenario for their 
observed association with non-MALT lymphomagenesis in a pSS setting. Double- 
stranded DNA break levels were quantified in PBMCs derived from 13 pSS patients, 
and double-stranded DNA break levels were found significantly decreased in indi-
viduals carrying the MTHFR c. 1298A  >  C AC genotype, suggesting that the 
MTHFR variant may play a protective role against non-MALT development by 
restricting double-stranded DNA break formation [96].

Taken together, MTHFR polymorphisms may promote genomic instability by 
disturbing the methylation of DNA and allowing improper DNA synthesis and 
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repair. All of these genetic variations may lead to either the overexpression of onco-
genes or the defective expression of tumor suppressor genes, likely constituting an 
important pathogenic mechanism underlying the lymphoproliferative disorders that 
manifested in pSS.

4.6  Conclusions

The emerging data linking pSS with lymphoma development have given rise to 
new pathogenesis scenario. We suggest that pathogenesis is based on the associa-
tion of two pathological processes that share a common target in common tissues. 
This target is the B lymphocyte, and the preferred tissues are the salivary glands 
and mucosal tissues.

On the one hand, we have a process of malignant transformation, mainly on a 
genetic basis (chromosomal aberrations and polymorphisms), and on the other, we 
have a multifactorial autoimmune process, which is prototypical of B-cell-mediated 
autoimmune disease. These two processes are reciprocal inductors; therefore, one 
of the processes (autoimmunity) can trigger or reveal a dormant malignant process. 
The latter may exacerbate and prolong the deleterious impact of the former on their 
common target, which is the B lymphocyte. The final result of these pathologic 
processes is the development of B-cell lymphoma in patients with a severe form of 
pSS. Nevertheless, despite efforts to identify risk factors for lymphoma develop-
ment in pSS patients, neither the onset of its development nor which patients will 
develop lymphoma and have poor prognoses can be predicted effectively. 
Considering the fact that strategies to eliminate cancer cells by reducing tolerance 
can result in autoimmunity and that suppressing immune function to inhibit autoim-
mune response can allow malignancy development, there is a clear need for new and 
more specific therapeutic approaches. Undoubtedly, the genetic alterations that 
occur in this complex process may be a highly valuable source of information and 
should not be neglected in the future.
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5.1  Introduction

The idiopathic inflammatory myopathies (IIM) represent a group of autoimmune dis-
orders, all of them characterized by weakness of proximal muscles but showing hetero-
geneous system manifestations, including skin rashes, interstitial lung disease, and 
malignancy [1]. According to the presence of extramuscular and histopathological fea-
tures, IIM can be subdivided into different subsets, including dermatomyositis (DM), 
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polymyositis (PM), inclusion body myositis (IBM), immune-mediated necrotizing 
myopathies (IMNM), and DM/PM overlapping with other connective tissue diseases, 
which are correlated with the presence of disease- specific autoantibodies [1].

Although IIM are rare diseases, they represent the most common cause of 
acquired muscle disease in adults. The incidence of myositis has been estimated in 
50–100 cases per million [1]. The precise cause of IIM is still unclear, but as other 
autoimmune diseases, these disorders present a complex etiology in which exposure 
to environmental risk factors results in chronic immune activation in individuals 
with a predisposing genetic background along with other epigenetic mechanisms. 
This genetic basis is supported by the identification of increased risk of autoimmune 
diseases in first-degree relatives of patients with IIM and rare case reports of famil-
ial aggregation [2, 3].

In this chapter, we summarize the current knowledge about the genetic architec-
ture of IIM, with a particular focus on DM and PM, as well as the recent progress in 
the elucidation of the epigenetic factors influencing their development.

5.2  Immunopathogenesis of DM/PM

The pathogenesis of DM/PM is not fully understood. Both immune and nonimmune 
processes have been implicated in the development of muscle damage. In addition, 
muscle weakness seems to be mediated by different mechanisms in the different 
subgroups of IIM.

On one hand, the complement cascade has been shown to play a crucial role in the 
DM pathogenesis. Specifically, it has been proposed that the disease begin when 
putative antibodies directed against endothelial cells activate the C5b-9 complement 
membrane attack complex (MAC). Once activated, MAC is deposited on the surface 
of endothelial cells leading to necrosis of these cells, capillary ischemia, and muscle- 
fiber destruction, which results in the characteristic perifascicular atrophy found in 
muscle biopsy of DM patients [4]. In addition, the complement activation induces 
the production of pro-inflammatory cytokines, chemokines, and adhesion molecules, 
which are responsible for the recruitment of activated lymphocytes, including CD4+ 
T cells, B cells, and plasmacytoid dendritic cells (pDCs), to the site of inflammation. 
Moreover, increasing evidences suggest a relevant role of pDCs in DM through the 
production of type 1 interferons (IFNs) [5]. On the other hand, CD8+ T cells are 
considered as the primary effector cells mediating muscle damage in PM.  These 
lymphocytes can invade healthy non-necrotic muscle fibers that aberrantly express 
major histocompatibility complex (MHC) class I molecules and release perforin 
granules toward the surface of the muscle fibers causing necrosis [4].

Nonimmune mechanisms have also been implicated in the IIM pathogenesis. 
The overexpression of MHC class I occurring in muscle fibers of myositis patients 
seems to act as a potential inducer of endoplasmic reticulum (EM) stress, which 
results in nuclear transcription factor κ-beta (NF-κB) activation and the subsequent 
production of pro-inflammatory cytokines [6]. Additionally, two potent inducers of 
autophagy, Toll-like receptor (TLR) 3 and TLR4, were found significantly 
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overexpressed in IIM [7]. Moreover, these receptors co-localized with LC3, an 
autophagy- related protein, in IIM patients, thus suggesting a role of the autophagy 
pathway in myositis [7].

5.3  Genetics of DM/PM

In the last years, two main approaches have been used to elucidate the genetic basis 
of these disorders, both of which involve genotyping of genetic variations, mainly 
single-nucleotide polymorphisms (SNPs), in cases and controls. Initially, the genetic 
component of IIM was explored by candidate-gene association studies, which 
examine a set of SNPs within loci selected on the basis of their biological functions 
(functional candidates) or their location within genomic regions previously impli-
cated by association or linkage studies (positional candidates). In contrast to this 
strategy, the more recently developed genome-wide association studies (GWASs) 
investigate the entire genome in a hypothesis-free manner, thus revolutionizing the 
possibilities of identifying the genetic component of complex diseases [8]. 
Subsequently, the success of GWAS spurred the design of targeted genotyping plat-
forms, such as the Immunochip. Immunochip is specifically designed for fine- 
mapping of established autoimmune-associated loci, with a particular focus on the 
human leukocyte antigen (HLA) region [9]. In the last years, the application of the 
GWAS and Immunochip strategies to the study of the genetic basis of IIM together 
with international collaborative efforts to gather larger cohorts of IIM patients has 
led to significant advances in the knowledge of the molecular mechanisms underly-
ing these disorders.

5.3.1  HLA Associations

The HLA region, encompassing 7.6 Mb on chromosome 6p21, is the most gene 
dense region within the human genome, including genes involved in the immune 
response. Similarly to that observed for other autoimmune diseases, allelic variants 
within the HLA region represent the strongest and most consistent genetic associa-
tions for IIM.

During the last years, several studies have investigated the role of the HLA in the 
IIM susceptibility. As result of these studies, the 8.1 ancestral haplotype (8.1 AH) was 
identified as the highest risk factor within this region [10–12] (Table 5.1). 8.1 AH, 
formed by the combination of the alleles HLA-A*01:01, -C*07:01, -B*08:01, 
-DRB1*03:01, -DQA1*05:01, and -DQB1*02:01, represents an evolutionary highly 
conserved haplotype that contains hundreds of immunologically relevant genes. 
Nevertheless, the independent impact of alleles forming the 8.1 AH could not be fully 
elucidated, probably due to the strong linkage disequilibrium (LD) within this region.

In 2006, a large immunogenetic study of HLA allelic associations with particular 
myositis-specific autoantibody (MSA) and myositis-associated autoantibody 
(MAA) groups of IIM patients identified the 8.1 AH-associated alleles B*08:01 and 
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DRB1*03:01 as the main HLA risk markers [11]. In addition, several HLA suscep-
tibility factors appeared to be specifically associated with particular MSA and MAA 
serogroups [11].

More recently, two large-scale genetic analyses have thoroughly explored the 
role of the HLA in different subgroups of Caucasian IIM patients by imputation of 
classical HLA alleles and amino acids from SNP genotype data [10, 12]. In 2015, a 
GWAS performed on 1710 patients with DM, PM, and juvenile DM (JDM), and 
DM, JDM, or PM cases with anti-histidyl-tRNA synthetase (anti-Jo-1) autoantibod-
ies confirmed the previously described association between the 8.1 AH and myositis 
[10]. However, the stratified analysis according to the different clinical phenotypes 
showed that the DRB1*03:01 allele was the strongest signal in DM and JDM 
patients, whereas the B*08:01 allele represented the main risk factor for PM and 
myositis with anti-Jo autoantibodies.

Interestingly, an Immunochip study published a year later, which included the 
larger cohort of IIM patients analyzed so far, specifically 2566 patients with DM, 
JDM, PM, and IBM, yielded contradictory results [12]. In this study, DRB1*03:01 
and B*08:01 were identified as independent association signals in PM, whereas 
three independent signals, B*08:01, amino acid position 57 of DQβ1, and 
DQB1*04:02, were detected in the DM subgroup. Regarding the JDM subset, 
DRB1*03:01 was identified as the strongest association and the C*02:02 allele 
(which is not included in the 8.1 AH) showed an independent effect after condition-
ing on DRB1*03:01. On the other hand, in this Immunochip study, the association 
with DRB1*03:01 was presumably attributed to amino acid residues that are only 
present at this classical allele, asparagine at position 77 and arginine at position 74 
[12]. Interestingly, position 74 is structurally involved in the peptide-binding groove 
of the HLA-DRβ molecule, and the presence of arginine has been reported to mod-
ify the three-dimensional structure of pocket 4 of the binding cleft in a way that 
probably enables presentation of autoantigens [13, 14].

Although 8.1 AH is a risk factor for IIM among individuals of European origin, 
such association has not been clearly established in other ethnic groups (Table 5.1). 

Table 5.1 Main risk HLA alleles for overall idiopathic inflammatory myopathies (IIM), derma-
tomyositis (DM), and polymyositis (PM) in different populations

Population IIM DM PM Study
European 8.1 AH 

(DRB1*03:01 and 
B*08:01)

8.1 AH (B*08:01, 
AA_DQB1_57, 
DQB1*04:02)

8.1 AH 
(DRB1*03:01 and 
B*08:01)

[10–
12]

Chinese – DQA1*01:04 DRB1*07 – [15]
Japanese DRB1*08:03 – DRB1*08:03 [16]
African 
American

A*68:02 
DQA1*05:01 
DRB1*03

DRB1*03:01 
DQA1*06:01

DQA1*05:01 [17]

IIM idiopathic inflammatory myopathies, DM dermatomyositis, PM polymyositis, AH ancestral 
haplotype
HLA alleles included in the 8.1 AH are marked in bold. Independent signals within the HLA region 
are shown in brackets
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A study performed in Chinese population reported a susceptibility effect of 
DQA1*01:04 and DRB1*07 and a protective effect of DRB1*03 in DM patients 
[15]. In Japanese IIM patients, the strongest signal within the HLA region corre-
sponded to the DRB1*08:03 classical allele [16]. Finally, a study performed in 
African Americans evidenced both shared and distinct immunogenetic susceptibil-
ity factors between this ethnic group and European American patients [17]. However, 
these studies included small sample sizes and lacked replication cohorts. Therefore, 
studies on well-powered case-control sets are required to definitively confirm or 
discard these associations.

On the other hand, the class III region of the HLA complex includes genes 
encoding several components of the complement system (C4, C2, and factor B), 
which is involved in the muscle damage occurring in DM. Most human chromo-
somes carry two C4 genes, C4A and C4B; however, the number of expressed C4 
genes can range from none to four. Remarkably, the 8.1 AH is associated with a 
single C4B and the absence of a C4A gene, which leads to a genetic defect of com-
plement function. A candidate-gene study published in 2016 analyzed gene copy- 
numbers (GCNs) for total C4, C4A, C4B, and HLA-DRB1 genotypes in 105 JDM 
patients and 500 healthy controls, all of them from European origin [18]. They 
found an association of presence of HLA-DRB1*03:01 and deficiency of C4A with 
JDM.  However, the co-existence of both DRB1*03:01 and C4A deficiency con-
ferred higher risk than either individual risk factor. In addition, they also observed 
that JDM patients with C4A deficiency had higher levels of multiple serum muscle 
enzymes compared with controls [18]. These findings suggest that deficiency of 
C4A represents a risk factor for JDM.

5.3.2  Non-HLA Associations

5.3.2.1  Genome-Wide Association Studies in DM/PM Research
Four GWAS on IIM, two in European population and two in Asian population, have 
been published so far [10, 19–21]. The application of this approach to the study of 
the genetic background of IIM has led to the discovery of several novel risk loci for 
both DM and PM (Table 5.2). However, the impact of GWAS on deciphering the 
genetic component of IIM has not been as relevant as for other autoimmune diseases. 
This may be due to a relatively weaker genetic influence on IIM predisposition or, 
more likely, to a higher disease heterogeneity compared to other immune-mediated 
disorders.

In 2013, the International Myositis Genetics Consortium (MYOGEN) published 
the first GWAS on DM, including 1178 cases and 4724 controls of European origin 
[20]. This study confirmed the HLA region as the main genetic risk factor for DM 
but failed to identify genome-wide associations outside this region. However, the 
analysis of 141 genetic variants previously associated with autoimmune disorders, 
specifically rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), type 1 
diabetes, Crohn’s disease, thyroid disease, gluten-sensitive enteropathy, and multi-
ple sclerosis, led to the identification of three new risk loci for DM, phospholipase 
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Table 5.2 Main non-HLA susceptibility factors for overall idiopathic inflammatory myopathies 
(IIM), dermatomyositis (DM), and polymyositis (PM)

Susceptibility 
locus

Chromosomic 
region Phenotype Population Approach

Overlap 
with ADs Study

YDJC/
UBE2L3

22q11.21 IIM European Immunochip CeD, CD, 
JIA, MS, 
Ps, RA, 
SLE, UC

[12]

DGKQ 4p16.3 IIM European Immunochip PBC, SJO [12]
STAT4 2q32.2 IIM European, 

Japanese
Immunochip, 
candidate- gene

CeD, CD, 
JIA, MS, 
PBC, RA, 
SLE, T1D, 
UC, SSc, 
SJO

[12, 
40]

MGAT4A 2q11.2 IIM European Immunochip – [12]
PRR5L/
TRAF6

11p12 IIM European Immunochip RA [12]

CCL17 16q21 IIM European Immunochip – [12]
EOMES 3p24.1 IIM European Immunochip MS, RA [12]
CD28 2q33.2 IIM European Immunochip CeD, RA, 

T1D
[12]

RPL31P10 12p13.31 IIM European Immunochip – [12]
BLK 8p23.1 DM/PM European, 

Chinese, 
Japanese

GWAS, 
Immunochip, 
candidate- gene

RA, SLE, 
SSC, SJO

[12, 
20, 
23, 
24]

CCL21 9p13.3 DM/PM European, 
Chinese

GWAS, 
Candidate- 
gene

RA [20, 
25].

TNFAIP3 6q23.3 DM/PM Chinese Candidate- 
gene

CeD, CD, 
MS, PBC, 
Ps, RA, 
SLE, T1D, 
UC, SSc, 
SJO

[42]

IRF5 7q32.1 DM/PM Chinese Candidate- 
gene

CD, PBC, 
RA, SLE, 
UC, SSc, 
SJO

[42]

PLCL1 2q33.1 DM European, 
Chinese

GWAS, 
Candidate- 
gene

CD, UC [20, 
22]

TYK2 19p13.2 DM European GWAS 
follow-up 
study

AS, CeD, 
CD, JIA, 
MS, PBC, 
Ps, RA, 
SLE, T1D, 
UC

[31]

CPN1 10q24.2 DM Chinese GWAS – [21]
PIP 7q34 DM Chinese GWAS – [21]
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Table 5.2 (continued)

Susceptibility 
locus

Chromosomic 
region Phenotype Population Approach

Overlap 
with ADs Study

PTPN22 1p13.2 PM European Candidate- 
gene, 
Immunochip

CD, JIA, 
RA, SLE, 
T1D, UC, 
SSc

[38, 
12]

LOC728073/
RPL38

17q25.1 PM European Immunochip – [12]

UBE3B/
MMAB

12q24.11 PM European Immunochip – [12]

NAB1 2q32.2 PM European Immunochip PBC [12]
IL18R1 2q12.1 PM European Immunochip CeD, CD, 

PBC, UC
[12]

SLC26A1/
IDUA

4p16.3 PM European Immunochip PBC [12]

RGS1 1q31.2 PM European Immunochip CeD, MS, 
T1D

[12]

ROPN1L/
ANKRD33B

5p15.2 DM+JDM European Immunochip – [12]

PTTG1/
ATP10B

5q33.3 DM+JDM European Immunochip SLE, SJO [12]

GSDMB 17q21.1 DM+JDM European Immunochip CD, MS, 
PBC, RA, 
SLE, T1D, 
UC

[12]

WDFY4 10q11.23 CADM Japanese GWAS RA, SLE [19]

IIM idiopathic inflammatory myopathies, DM dermatomyositis, PM polymyositis, JDM juvenile 
dermatomyositis, CADM clinically amyopathic dermatomyositis, GWAS genome-wide association 
study, ADs autoimmune diseases, AS ankylosing spondylitis, CeD celiac disease, CD Crohn dis-
ease, JIA juvenile idiopathic arthritis, MS multiple sclerosis, PBC primary biliary cirrhosis, Ps 
psoriasis, RA rheumatoid arthritis, SLE systemic lupus erythematosus, T1D type 1 diabetes, UC 
ulcerative colitis, SSc systemic sclerosis, SJO Sjögren syndrome
Loci associated at the genome-wide significance level are indicated in bold

C like 1 (PLCL1), B lymphoid tyrosine kinase (BLK), and chemokine (C-C motif) 
ligand 21 (CCL21). Subsequently, candidate-gene studies performed in Asian popu-
lation confirmed the association between PLCL1 and DM [22] and described asso-
ciations between BLK and CCL21 and other myositis subgroups, specifically BLK 
was associated with DM and PM in Japanese and Chinese patients [23, 24], and 
CCL21 was associated with PM in a Chinese cohort [25].

PLCL1 encodes a protein involved in an inositol phospholipid-based intracellu-
lar signaling cascade. Although its exact role in the pathogenesis of DM is not clear, 
this protein acts as a component in the phospho-dependent endocytosis process of 
GABA A receptor and regulates the turnover of receptors, thus contributing to the 
maintenance of the muscle tone [26]. BLK encodes a tyrosine kinase of the src fam-
ily of proto-oncogenes which is involved in B-cell receptor signaling and B-cell 
development. Several lines of evidence support a key role of B lymphocytes in IIM, 
such as the presence of this cell type in DM skin and muscle biopsies [27], the 
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existence of disease-specific autoantibodies [1], and the efficacy of anti-B-cell ther-
apies [28]. Interestingly, the most strongly associated polymorphism in the genome-
wide scan was in high LD with a genetic variant reported to downregulate both BLK 
mRNA and protein expression in naïve B cells [29]. Regarding CCL21, this gene 
encodes a protein that inhibits hemopoiesis and stimulates chemotaxis for thymo-
cytes and activated T cells. In addition, this cytokine plays a role in mediating hom-
ing of lymphocytes to secondary lymphoid organs and acts as a high-affinity ligand 
for chemokine receptor 7 that is expressed on T and B cells [30].

Since this first GWAS revealed the existence of genetic overlap between DM and 
other autoimmune diseases, a follow-up study to test association between IIM (adult 
and juvenile DM and PM) and immune-related variants not captured through the 
DM GWAS was subsequently performed [31]. Using this candidate-gene associa-
tion approach, tyrosine kinase 2 (TYK2) was identified as a new genetic risk locus 
for DM. TYK2 encodes a member of the Janus kinases (JAKs) protein family with a 
crucial role in interleukin and IFN signaling [32].

In 2015, the MYOGEN Consortium published another GWAS including 1710 
IIM cases and 4724 controls of European origin, which represented the first genome- 
wide scan in PM and myositis patients with anti-Jo-1 autoantibodies [10]. As men-
tioned above, this study confirmed the association between the 8.1 AH and IIM and 
identified specific HLA associations with the different IIM subgroups. Nevertheless, 
although the number of patients was increased with respect to the first GWAS, no 
genetic signals at the genome-wide level of significance were observed outside the 
HLA region.

Two large-scale genotyping studies in IIM patients of non-European origin have 
also been recently published. In 2016, a GWAS performed in 127 patients with DM 
and 1566 healthy controls from Han Chinese population identified two non-HLA 
signals that almost reached genome-wide significance [21]. These signals mapped 
on the prolactin-induced protein (PIP) and cytochrome P450 family 11 subfamily B 
member 1 (CPN1) loci. PIP has been shown to bind to CD4, a T-cell co-receptor 
molecule with a crucial role in activation of Th cells [33, 34], whereas the CPN1 
gene encodes a member of the cytochrome P450 superfamily of enzymes involved 
in de novo synthesis of glucocorticoids, essential regulators of T-cell development 
and function [35]. On the other hand, this GWAS failed to replicate previously 
reported IIM associations in Han Chinese population, including those described at 
the PLCL1, BLK, and CCL21 loci. However, these results should be taken with cau-
tion, considering the limited sample size of this study.

Finally, 576 IIM cases, including PM, DM, and clinically amyopathic DM 
(CADM), and 6270 controls from Japan were analyzed in a very recent GWAS by 
Kochi and colleagues [19]. No significant association signals for IIM, PM, or DM 
patients were found. However, when CADM patients were evaluated independently, 
an intronic variant within the WDFY family member 4 (WDFY4) gene appeared to 
be associated with this specific subgroup. WDFY4 encodes a protein expressed in 
dendritic cells, neutrophils, B cells, and macrophages, and it has been previously 
identified as a susceptibility locus for RA [36] and SLE [37].
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5.3.2.2  Findings from the Immunochip Approach
In 2016, the Immunochip platform was used to analyzed the largest cohort of IIM 
patients to date, including 2566 cases with DM, JDM, PM, and IBM and 15,651 
controls of Caucasian descent [12]. Protein tyrosine phosphatase, non-receptor type 
22 (PTPN22) was identified as a genetic risk factor for IIM, representing the only 
association at genome-wide level of significance in myositis thus far. Although an 
association between PTPN22 and IIM was detected in the overall analysis, stratifi-
cation by clinical subgroups revealed that this signal was mainly driven by the PM 
subset. A role of this gene in PM predisposition was previously reported in a 
candidate- gene association study including 381 British patients with adult or juve-
nile IIM [38], which overlapped with part of the samples included in the Immunochip 
study. PTPN22 encodes a tyrosine phosphatase known as LYP that is involved in 
several signaling pathways associated with the immune response, including the 
T-cell receptor (TCR) pathway and the humoral activity of B cells. The PM-associated 
SNP (rs2476601) has been implicated in several autoimmune diseases, representing 
the clearest example of common genetic risk factor in autoimmunity. This SNP is a 
functional variant that results in a non-synonymous arginine (R) to tryptophan (W) 
amino acid change at position 620. Although its functional consequences have not 
been clearly elucidated yet, it has been reported that humans carrying the rs2476601 
risk allele displayed enhanced B lymphocyte autoreactivity, deregulated TCR sig-
naling, and reduced capacity for TLR-induced type 1 IFN production [39].

Furthermore, nine suggestive associations within the YDJC/UBE2L3, DGKQ, 
STAT4, MGAT4A, PRR5L/TRAF6, CCL17, EOMES, CD28, and RPL31P10 loci 
were also identified through the Immunochip approach [12]. Notably, the associa-
tion between STAT4 (signal transducer and activator of transcription 4) and IIM was 
described in a previous candidate-gene association study performed in Japanese 
population [40], supporting the implication of this gene in the myositis susceptibil-
ity. The protein encoded by STAT4 is a member of the STAT family of transcription 
factors, which is crucial for mediating responses to interleukin-12, interleukin-23, 
and type 1 IFNs and regulating the differentiation of T helper cells into the Th1 and 
Th17 lineages [41].

Finally, specific non-HLA associations with the PM and DM/JDM subgroups 
were identified for seven (LOC728073/RPL38, UBE3B/MMAB, NAB1, BLK, 
IL18R1, SLC26A1/IDUA, RGS1) and three (ROPN1L/ANKRD33B, PTTG1/
ATP10B, GSDMB) loci, respectively [12]. Although these signals did not reach 
genome-wide significance, this finding points to the existence of genetic differences 
between clinical subgroups.

During the last years, polymorphisms at common susceptibility loci in autoim-
munity, such as TNFAIP3, IRF5, IFNG, IL1, or TNF, have been implicated in the 
IIM susceptibility by candidate-gene association studies [42–44]. However, no 
SNPs within these regions showed evidence of association with IIM in the 
Immunochip study, even though this platform is designed for dense genotyping of 
immune-related loci. This seems to indicate that they could be false-positive asso-
ciations, mainly taking into account the low statistical power of these genetic 
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studies. However, considering that some of these signals, such as those located 
within the TNFAIP3 and IRF5 loci [42], were detected in non-European population, 
they may represent population-specific associations, and, therefore, a role in the IIM 
susceptibility cannot be discarded.

5.4  Biological Insights from GWAS and Immunochip 
Associations

Over the last few years, the translation of GWAS/Immunochip findings into biologi-
cal implications has been challenging, mainly due to the difficulty of identifying 
causal variants as well as by the fact that most of the disease-associated SNPs are 
located in noncoding regions. Nevertheless, substantial effort has been recently 
directed toward the functional characterization of the large amount of genetic data 
generated by large-scale scans. In this line, different in silico approaches have been 
developed to understand biological meaning behind GWAS and Immunochip find-
ings. These methods are usually based on the search for overrepresentation of 
disease- associated genes in protein-protein interaction networks or specific biologi-
cal pathways, as well as for overlapping of associated variants with regulatory ele-
ments, such as DNase I hypersensitive sites, histone modifications associated with 
active promoters/enhancers, transcription factor-binding sites (TFBSs), or expres-
sion quantitative trait loci (eQTL), among others.

A number of approaches have been conducted to characterize the biological 
functions connected to myositis susceptibility. A first application of network-based 
methods in the context of IIM was reported in 2016. Following the Immunochip 
study, Parkes and colleagues conducted protein-protein interaction (PPI) and path-
way enrichment analyses using both proteins encoded by genes associated with 
IIM (significant and suggestive signals) and autoantibody targets, in order to iden-
tify molecular mechanisms involved in myositis [45]. PPI analysis identified sev-
eral genes, including TRAF6, HSPA1A/B, UBE3B, and PSMD3, as potentially 
relevant for IIM. TRAF6 (TNF receptor-associated factor 6) acted as a hub protein 
interacting with both autoantibody targets and IIM-associated proteins. This pro-
tein is a member of the TNF receptor-associated factor (TRAF) protein family that 
is involved in the development, homeostasis, and/or activation of B cells, T cells, 
macrophages, and dendritic cells, as well as in the organogenesis of thymic and 
secondary lymphoid tissues [46]. In addition, TRAF6 function is crucial for both a 
proper activation of the immune response and the maintenance of immune toler-
ance [46]. Remarkably, a pivotal role of TRAF6 in homeostasis of satellite cells, a 
stem cell population responsible for myofiber regeneration upon injury, has been 
recently described [47]. On the other hand, the remaining four genes identified in 
the PPI analysis encode proteins related to the ubiquitin proteasome pathway 
(UPP). Furthermore, pathway enrichment analysis evidenced ubiquitination as a 
relevant mechanism in IIM. It has been proposed that ER stress activates down-
stream UPPs in myositis, thus activating NF-kB, which leads to upregulation of 
MHC class I, production of pro-inflammatory cytokines, and suppression of 
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myoblast differentiation [6]. Consequently, UPP inhibition has been proposed as a 
potential therapeutic target for myositis [48].

On the other hand, Kochi and colleagues performed in silico analyses using both 
publicly available datasets and in vitro studies to examine the causal mechanism of 
the CADM-associated variant in the Japanese GWAS [19]. First, an eQTL analysis 
using data from the Geuvadis project showed that the WDFY4 SNP acted as a splic-
ing QTL for a truncated WDFY4 isoform in lymphoblastoid B cells [19]. In addi-
tion, using trans-eQTL and weighted parametric gene set analyses, the authors 
determined that the associated variant correlated with an increase expression of 
NF-κB associated genes, such as TYK2 and PTPN6. They also demonstrated that the 
truncated isoform interacted with several pattern recognition receptors, especially 
MDA5, thus increasing NF-κB activation and apoptosis [19]. This finding is consis-
tent with the presence of anti-MDA5 autoantibodies characteristic of patients with 
CADM [49] and suggests a role of both inflammatory signals and apoptosis in the 
pathogenesis of this condition.

5.5  Epigenetics Studies in DM/PM

Although the etiology of DM/PM is still unknown, it has become clear that both 
genetic and environmental factors may interact in the pathophysiology of these dis-
orders. Epigenetic mechanisms, which include DNA methylation, histone modifica-
tions, nucleosome positioning, and noncoding RNA regulation, among others, 
represent the link between environmental triggers and genetic modulation. In this 
regard, several epigenetic studies have been conducted in PM and DM so far.

Genome-wide methylation profile of muscle biopsies from 20 JDM patients and 
four controls identified 27 genes differentially methylated, which allowed to distin-
guish cases from controls using supervised hierarchical clustering [50]. The set of 
differentially methylated genes was enriched in transcription factors and cell cycle 
regulators, including homeobox and WT1 genes. These results were subsequently 
confirmed by pyrosequencing in patients with JPM and other IIM. Considering these 
findings, Wang and colleagues proposed that children with IIM may have an enhanced 
ability to self-renewal of damaged muscles and that this repair process would be 
facilitated through epigenetic modifications of homeobox and WT1 genes [50].

Moreover, increased levels of a group of microRNAs (miRNAs) known as myo-
miRs, including miR-1, miR-133a/b, miR-206, miR-208, miR-208b, miR-486, and 
miR-499, were found in skeletal and cardiac muscle [51]. These muscle-specific 
miRNAs regulate diverse aspects of muscle function, and, therefore, they could be 
involved in muscle diseases. Indeed, a high number of miRNAs have been found to 
be deregulated in IIM.

Specifically, using array technology, Eisenberg and colleagues identified a high 
number of miRNAs deregulated in ten major muscular disorders, including DM and 
PM [52]. Specifically, they detected 37 miRNAs upregulated and 1 downregulated 
in PM patients and 35 miRNAs upregulated and 2 downregulated in DM. The set of 
miRNAs deregulated in patients with DM was enriched in pathways related to the 
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immune response [52]. In addition, five miRNAs, miR-146b, miR-155, miR-214, 
miR-221, and miR-222, were consistently deregulated across all the muscle dis-
eases analyzed, indicating a common regulatory mechanism for all of them [52]. 
Remarkably, miR-146b and miR-155 play key roles in the immune system [53]. 
Moreover, these two miRNAs, together with miR-146a (also involved in innate 
immunity [53]), miR-21, miR-432, and miR-378, were also overexpressed in mus-
cle biopsies from myositis patients in two subsequent studies [54, 55], supporting 
their role in IIM.

On the other hand, a decreased expression of several miRNAs known to be abso-
lutely critical for adult muscle differentiation and maintenance, specifically miR-1, 
miR-133a, miR-133b, and miR-206, has been detected in muscle biopsy samples 
from patients with myositis [54, 55].

Finally, long noncoding RNAs (lncRNAs) have also been implicated in IIM. A 
transcriptomic profiling of lncRNAs performed in muscle tissue identified 1198 
lncRNAs deregulated (322 upregulated and 876 downregulated) in DM patients 
compared with controls [56]. Then, by constructing mRNA-lncRNA co-expres-
sion networks, they predicted the target genes of the differentially expressed 
lncRNAs. Interestingly, a lncRNA named linc-DGCR6-1 appeared to target 
USP18, a type 1 IFN-inducible protein considered as a key regulator of IFN sig-
naling. In addition, an upregulated expression of USP18 protein was observed in 
perifascicular atrophy myofibers of DM patients using immunohistochemistry 
staining [56].

5.6  Conclusions

The past decade has seen a huge advance in the identification of genetic factors that 
predispose individuals to complex diseases, largely thanks to the development of 
high-throughput genotyping platforms such as GWAS and Immunochip. IIM have 
benefited from that genome-wide era, which has led to the discovery of several 
consistent genetic risk loci. However, despite the international collaborative efforts 
carried out, genetic studies conducted in IIM were still underpowered to detect vari-
ants with moderate effects, and only genome-wide associations at the HLA and 
PTPN22 loci have been identified thus far. In addition, the existence of genetic 
heterogeneity among the different myositis subgroups has probably also been an 
obstacle to the identification of robust susceptibility signals. Therefore, further 
genetic studies in larger and more homogeneous cohorts would definitively improve 
the consistency of the results, thus providing information on the missing heritability 
of IIM. In addition, the identification of the functional implications and mechanisms 
of the associated genetic loci will be critical to translate genetic findings into medi-
cal practice.

On the other hand, recent studies have shown that epigenetic regulation also plays 
a pivotal role in the IIM pathogenesis; this seems to indicate that certain environmen-
tal factors would trigger epigenetic modifications in genetically susceptible individu-
als, who would develop myositis. Integration of genetics and epigenetics has emerged 
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as a useful approach to unravel the mechanisms behind complex diseases. Thus, a 
better understanding of the interplay between both factors will allow to obtain a 
clearer picture of the molecular network involved in the IIM pathogenesis.
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6.1  Introduction

Vasculitis is a group of rare diseases that have in common inflammation of blood 
vessels. It is a multi-system inflammatory-autoimmune disease that affects both 
arteries and veins with consequent tissue damage, especially to the respiratory tract 
and the kidneys [1].

On the basis of the size of the affected vessel, small-, medium-, and large-vessel 
vasculitides are usually distinguished. Small-vessel vasculitides are characterized 
by necrotizing inflammation of the vessel wall, in particular small arteries, arteri-
oles, capillaries, and venules; its association with circulating antineutrophil cyto-
plasmic antibody (ANCA) has led to these conditions being grouped together as 
ANCA-associated vasculitis (AAV) [2].

AAV has a worldwide reported annual incidence ranging from 1.2 to 2.0 
cases per 100,000 individuals and a prevalence of 4.6–18.4 cases per 100,000 
individuals [3].

AAV includes microscopic polyangiitis (MPA), granulomatosis with polyangi-
itis (GPA, formerly Wegener’s granulomatosis), and eosinophilic granulomatosis 
with polyangiitis (EGPA, formerly Churg-Strauss syndrome) [2].

GPA and MPA partially overlap clinically and have been historically considered 
different forms of the same disease spectrum and therefore are frequently included 
together in clinical trials [4]. About 80–90% of individuals with GPA and MPA 
show ANCA positivity [5]; two types of ANCA are seen in AAV patients, perinu-
clear (P)-ANCA and cytoplasmic (C)-ANCA, usually tested using indirect immu-
nofluorescence and then confirmed using ELISA [6].

GPA is usually associated with C-ANCA, directed against proteinase 3 (PR3), 
whereas MPA with P-ANCA, directed against myeloperoxidase (MPO), even if a 
significant overlap exists with regard to the ANCA status. Although ANCA results 
are often useful to confirm the diagnosis of AAV, PR3 or MPO-ANCA cannot be 
used to identify GPA versus MPA [7].

Although the etiopathogenesis of AAVs is not fully understood, they are consid-
ered complex diseases with a proposed role for environmental and infectious factors 
as well as dysregulation of the immune system [8].

The report of rare familial cases of AAV has drawn attention to the role of genetic 
factors in the pathogenesis of AAV, supporting the theory of a multifactorial nature 
of the disease [9–12].

In recent years, high-throughput technologies in the fields of genomics, tran-
scriptomics, and proteomics for biomarker discovery have expanded enormously 
[13]. The identification of biomarkers linked to AAV would allow a better under-
standing of disease pathogenesis and risk factors; additionally, molecular biomark-
ers may be applied for diagnosis, prognosis, and selecting appropriate therapy [14]. 
Furthermore, the identification of genetic variants associated with AAV and their 
specific clinical features would allow a clearer classification with a potential impact 
on the management of the disease.

In this chapter, we summarize and discuss the results of genetic studies in 
AAV. We also present novel approaches aimed at identifying the causal variants in 
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complex susceptibility loci. Finally, we discuss the limitations of current methods 
and the challenges that we still have to face in order to incorporate genomic data 
into clinical practice.

6.2  Molecular Genetics Approaches to Complex Traits

Genetic research in AAV has mainly focused on association studies between genetic 
variants, such as single-nucleotide polymorphisms (SNPs) and copy number varia-
tions (CNVs), and the risk of developing the disease [15]. SNPs and CNV are vari-
ants located both in coding and noncoding regions that may directly impact on gene 
function and gene expression; in fact, differences in allele or genotype frequencies 
between patients and controls may suggest an association with a specific disease.

The first studies investigated candidate-gene variants using a case-control 
approach. These studies explore the possible association between the disease and 
one or a small number of genes, usually highlighted by earlier studies or because 
they are considered of potential biological interest [16].

The development of new generation molecular analysis methods dramatically 
lowered the costs and analysis time, allowing the screening of many genes in the 
same experiment, identifying a large number of disease-associated variants [17]. 
The main tool used for this purpose is genome-wide association study (GWAS). 
GWAS routinely assays SNPs tagging 90% of the human genome [18]. This 
approach is highly informative; however, to avoid spurious associations, a very high 
level of statistical significance (p < 5 × 10−8) is required. The number of identified 
associations is in fact proportional to the cohort size, and therefore the larger the 
study, the higher the probability of obtaining useful information [19]. In order to 
reduce the risk of associations identified by chance, a correction is strongly sug-
gested (i.e., Bonferroni’s multiple test correction) [20]. Such studies need large 
numbers of cases and controls to avoid missing potential associations due to under-
powered cohorts, and generally, in the field of rare diseases, this requires a multi-
center approach. Furthermore, in both candidate-gene studies and GWAS, replication 
of the findings in an independent cohort of subjects is essential in order to avoid 
spurious findings [21].

Another case-control approach is based on the use of chips exploring a large set 
of SNPs identified a priori as of potential interest. The main example in the field of 
rare immunological diseases is the Immunoarray, which investigates about 200,000 
genetic variants, including SNPs and small CNVs previously found as associated 
with autoimmune and inflammatory diseases, including a dense coverage of the 
HLA variants [22]. An advantage of this approach is a relatively lower cost com-
pared to conventional GWAS chips; furthermore, Immunoarray is a feasible and 
economically sustainable tool able to provide useful information probably more 
meaningful than candidate-gene approach studies but yet lacking the wide explor-
atory nature of the ones provided by GWASs.

In the near future, other genomic approaches may be performed in the study 
of rare diseases, such as whole-exome/whole-genome sequencing; these tools 
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are not yet routinely employed in complex diseases, but may have a big poten-
tial especially in the investigation of familial cases or clusters of extreme phe-
notypes [23].

6.3  Genetics of GPA and MPA

6.3.1  Candidate-Gene Approach: The Pre-GWAS Era

6.3.1.1  Associations with the HLA
The hypothesis of an autoimmune nature of AAV drove attention to the role of the 
HLA as a potential risk factor for AAV [24]. The HLA locus maps on chromosome 
6 (6p21–31) and contains more than 200 genes divided in 3 classes, HLA class I (A, 
B, C), class II (DR, DQ, and DP), and class III [25]. The HLA locus is characterized 
by high polymorphism and CNV, and its study is quite complex due to the presence 
of strong linkage disequilibrium across the genes [26].

In 2004, a study investigating a cohort of 150 Northern German patients 
with GPA was performed, reporting an association with the HLA-DP locus 
[27]. In particular, the DPB1*0401 allele is strongly associated with the risk of 
developing GPA with the extended DPB1*0401/RXRB03 haplotype, found to 
be even more significantly associated (p = 7.13 × 10−17; OR: 6.41). This finding 
was then replicated in 282 German patients, and the association was more 
striking when the analysis was restricted to the ANCA-positive subgroup 
(p = 1.26 × 10−22).

In a Dutch cohort of 304 AAV patients, an association with HLA-DR4 has been 
reported (p < 0.0001; OR: 1.7), and the association was more striking considering 
only GPA patients. Finally, two recent studies showed association of AAV with 
HLA-DRB1 in African American [28] and Chinese [29] populations; interestingly, a 
different genetic background emerged for the PR3-ANCA-positive subgroup in 
both studies.

6.3.1.2  Non-HLA Associations
Outside of HLA locus, few genetic risk factors for AAV have been proposed, such 
as the protein tyrosine phosphatase N22 (PTPN22) and the cytotoxic T-lymphocyte 
antigen 4 (CTLA4); furthermore, more recent studies highlighted an association 
with toll-like receptor 9 (TLR9).

The PTPN22 gene (1p13.2) encodes for lymphoid tyrosine phosphatase (Lyp) 
which may be aberrant in the form encoded by the genetic variant associated with 
autoimmunity; it can cause abnormal regulatory T-cell (Treg) activity, increased 
humoral activity, and enhanced neutrophil function [30]. PTPN22 SNPs were 
found to be associated with several autoimmune diseases, including type 1 diabe-
tes, rheumatoid arthritis (RA), and systemic lupus erythematosus (SLE) [31–33]. 
The proposed mechanism of action is that an alteration of the interaction of Lyp 
with a protein kinase involved in T-cell receptor activation leads to abnormal CD4 
Treg function and increased humoral activity [34]. In 2005, an association was 
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demonstrated between the PTPN22 620W polymorphism (rs2476601) and GPA 
in a cohort of 199 German patients: the SNP was significantly increased in GPA 
(p  =  0.002; OR:1.75), with a stronger association documented in the ANCA-
positive subgroup (p = 0.0002; OR 2.01) [35]. This finding was then confirmed in 
an independent cohort of 641 British GPA and MPA patients and 344 Italian AAV 
cases [36, 37].

The CTLA4 gene (2q33) encodes for a protein that functions as a T-cell inhibi-
tor, competing with the co-stimulatory protein CD28 for the binding of CD80/
CD86 [38]. Several studies highlighted associations between different CTLA4 
SNPs and AAV, suggesting a role for this molecule in AAV pathogenesis. In a 
study performed in 2002, an association was found between a SNP in the pro-
moter region of the CTLA4 gene (at position -318) and GPA [39]. Furthermore, 
CTLA4 has also been explored as potential therapeutic target in a pilot trial of 
patients with non-severe GPA treated with abatacept, a monoclonal antibody 
including the binding region of CTLA4, with good results in terms of safety and 
disease response [40].

TLR genes encode for the toll-like receptor (TLR) family, a group of proteins 
able to recognize microbiological structures and activating the innate immune 
response [41].

TLRs are usually overexpressed during infections and provide a potential link 
between infections and the pathogenesis and development of AAV. TLR9 stimula-
tion in ex vivo neutrophils was associated with increased MPO release and PR3 
surface expression; moreover, degranulation was induced after stimulation with 
PR3-ANCA in neutrophils primed by TLR9 ligand [42].

In order to investigate the genetic contribution of TLR9 on the susceptibility 
of AAV, four SNPs in TLR9 have been genotyped in 863 German AAV cases and 
1344 controls. In the replication analysis, significant results were investigated in 
a cohort of 426 Dutch and British AAV cases. Interestingly, in GPA patients, the 
association with genotypes and haplotypes was predisposing (OR > 1), while in 
MPA it was protective (OR < 1). When cases were stratified according to ANCA 
status rather than to clinical entity, the results showed a strong overall difference 
in TLR9 allele/haplotype frequencies between PR3-ANCA and MPO-ANCA 
cases [43]. Table 6.1 summarizes the genes reported as associated with GPA and/
or MPA.

Table 6.1 Genes associated with the risk of developing AAV

Gene Disease Phenotype resulting from the variant associated with the disease
HLA- 
DPB1

GPA Abnormal antigen presentation

HLA-DQ MPA Abnormal antigen presentation
PRTN3 GPA Increased expression of PR3 on neutrophil cell surface
SERPINA1 GPA Reduced activity of alpha1-antitrypsin, main inhibitor of PR3 activity
PTPN22 GPA Abnormal Treg function, increased B-cell and neutrophil function
CTLA4 GPA Increased T-cell activity

GPA granulomatosis with polyangiitis, MPA microscopic polyangiitis, PR3 proteinase 3
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6.3.2  The GWAS Era

To date, three GWASs have been carried out in GPA and MPA. The first was per-
formed by the European Vasculitis Genetics Consortium (EVGC) and involved 
2687 Caucasian GPA and MPA subjects [44]; the second was performed on 1020 
American GPA patients of European descent by the Vasculitis Clinical Research 
Consortium (VCRC) [45]. Recently, a third GWAS was conducted on a 1986 AAV 
cases and 4723 healthy controls [46].

In the EVGC GWAS, the analysis of the discovery and replication cohorts 
revealed that four SNPs were statistically associated with AAV, three of which 
mapped in the HLA locus. The most significant signal was reported in the HLA- 
DPB1 gene. HLA-DPB1 is a common predisposing factor for several autoimmune 
diseases, such as rheumatoid arthritis, systemic sclerosis, and ankylosing spondy-
litis [47–50]. The fourth associated SNP was in the SERPINA1 (14q32) gene, 
which encodes for α1-antitrypsin, a neutral serine protease inhibitor whose enzy-
matic targets include proteinase 3 [51]. Subsequently, AAV patients were stratified 
according to the clinical syndromes and ANCA specificities. The comparison 
between the subgroup of PR3-ANCA-positive patients and the MPO-ANCA-
positive subgroup showed significant differences at the HLA, SERPINA1, and 
PRTN3 loci, demonstrating a genetic association with PR3-ANCA but not with 
MPO-ANCA.  In particular, within the GPA subgroup, the associations with 
HLA-DP and the related SNPs in the SERPINA1 and PRTN3 loci were seen in 
subjects with PR3-ANCA, not in MPO-ANCA patients. In the MPA subgroup, 
although much smaller than the GPA subgroup, the findings were similar, resulting 
in an association between PR3- ANCA and the HLA-DP and SERPINA1 SNPs. The 
most significant non-HLA association with both the PR3-ANCA and GPA sub-
groups was found at SERPINA1 SNP (rs7151526). The SNP associated with the 
risk of developing GPA was identified as encoding a variant of the enzyme with 
null activity (called “Z” allele).

The importance of alpha-1 antitrypsin deficiency in the pathogenesis of AAV 
was already postulated by candidate-gene studies in the pre-GWAS era. In fact, in a 
group of 433 GPA patients and 421 controls, the carriers of two of the alleles with 
null or reduced enzymatic activity (“Z” and “S” allele) had an increased probability 
of developing the disease, with an odds ratio of 14.58 [52].

The second significant non-HLA association was found between PRTN3 SNP 
(rs62132295) and GPA (OR: 0.78, p = 2.6 × 10−5). As observed for the abovemen-
tioned HLA association, the strength of the PRTN3 SNP signal increased in the 
PR3-ANCA-positive subgroup, independently of the clinical diagnosis (OR: 0.73, 
p = 2.6 × 10−7). No association with PRTN3 emerged in the MPO-ANCA-positive 
patients, indicating a role for PRTN3 only in the pathogenesis of anti-PR3-positive 
AAV.

PRTN3 gene encodes for the serum protease PR3, and the finding that patients 
with GPA are more often PR3-ANCA positive already suggested that this enzyme 
plays a central role in GPA pathogenesis [53]. PR3 is expressed on the surface of 
neutrophils, and it has been described that only in this membrane-bound form it is 
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able to interact with ANCA, facilitating neutrophil activation [54]. In addition, PR3 
may mediate direct tissue damage once it is released by the neutrophils [55]. 
Interestingly, the SNP associated with GPA was found to be linked to the levels of 
PR3 expression with the carriers of the susceptibility genotype characterized by 
higher expression of the protein. This is in line with studies describing that neutro-
phils with high expression of the membrane-bound PR3 were found more frequently 
in GPA patients compared to controls [56].

The major result of the EVGC GWAS was the finding that the primary associa-
tion of all these genetic variants appeared to be with ANCA specificity rather than 
with the clinically defined syndromes; the genetic differences between PR3-ANCA 
and MPO-ANCA may have immunopathogenic and therapeutic implications. On 
the basis of these findings, the distinct genetic background in patients with different 
with autoantibody specificity suggested that AAV could be better classified into 
PR3-ANCA and MPO-ANCA-related forms.

The role of the HLA in the pathogenesis of AAV was confirmed by the VCRC 
GWAS performed in GPA patients [57], which also identified an association with 
SNPs mapping in the HLA-DPB1 (rs9277554) and HLA-DPA1 (rs9277341) loci. In 
addition, this study also reported a non-HLA association at the SEMA6A locus 
(rs26595), which encodes for semaphorin 6A.  Comparisons of the HLA-DPB1, 
HLA-DPA1, and SEMA6A signals between PR3-ANCA-positive subgroup (88% of 
GPA included in the study) and the ANCA-negative subgroup revealed that all three 
associations were restricted to the PR3-ANCA-positive group, suggesting genetic 
divergence between ANCA-positive and ANCA-negative GPA.

In 2017, Merkel and colleagues published a further GWAS including a total of 
1986 cases of AAV and 4723 healthy controls [46]. Also in this case, genetic vari-
ants of HLA locus constitute the major risk in developing GPA; in particular, the 
most associated signal resulted from the HLA-DPB1 locus, namely, the rs141530233 
(p  =  3.80  ×  10−93; OR: 3.82) and rs1042169 (1.09  ×  10−90; OR: 2.99) variants. 
Furthermore, significant associations were also observed at the SERPINA1 
(3.53  ×  10−13; OR: 2.35) and PTPN22 (1.77  ×  10−6; OR: 1.36) loci. Regarding 
ANCA specificity, the most significant signals were reported between rs141530233 
(1.33 × 10−106; OR: 6.19), rs1042169 (6.53 × 10−106, OR: 6.09), and the rs62132293 
PRTN3 (3.59  ×  10−13, OR: 1.39) variants and PR3-ANCA positivity rather than 
MPO, confirming the findings of the two previous GWASs.

The first conclusion that can be drawn from these studies is that genetic associa-
tions are stronger with ANCA specificity rather than clinical syndrome: it was 
therefore proposed to classify AAV into PR3- and MPO-positive polyangiitis. This 
distinction already has a well-recognized clinical basis, as PR3- and MPO-ANCA- 
associated vasculitis often occurs in patient populations that differ on the basis of 
their age at presentation, cardiovascular risk, and relapse rates [58]. Moreover, the 
confirmation of the HLA system as a risk factor, together with the autoantigen PR3 
and its main inhibitor α1-antitrypsin, confirmed the centrality of autoreactivity in 
the development of AAV. Further studies are required to better clarify the role of 
semaphorin 6A in AAV pathogenesis, which was not replicated in other 
populations.
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In order to investigate the shared genetic component underlying predisposition to 
systemic vasculitis, a European group performed a cross-phenotype meta-analysis 
of genetic data from different clinically distinct patterns of vasculitis [59]. 
Immunochip genotyping data from 2465 patients diagnosed with giant cell arteritis, 
Takayasu’s arteritis, AAV or IgA vasculitis, as well as 4632 unaffected controls 
were analyzed to identify common susceptibility loci for vasculitis development. 
The strongest association signal corresponded with an intergenic polymorphism 
located between HLA-DQB1 and HLA-DQA2 (rs6932517, P  =  4.16E-14, 
OR = 0.74). This single-nucleotide polymorphism is in moderate linkage disequilib-
rium with the disease-specific human leucocyte antigen (HLA) class II associations 
of each type of vasculitis and could mark them. Outside the HLA region, the group 
identified the KDM4C gene as a common risk locus for vasculitides (rs16925200, 
P = 6.23E-07, OR = 1.75). This gene encodes for a histone demethylase involved in 
the epigenetic control of gene expression, increasing the evidences of the crucial 
role that epigenetic mechanisms have in the development of complex immune- 
mediated conditions.

One interesting question that still needs to be addressed is why, although the 
genetic background differs between PR3 and MPO AAV, the clinical phenotypes 
significantly overlap. One hypothesis is that ANCA, once developed, may generate 
inflammation through similar mechanisms and that currently unrecognized shared 
genetic associations, environmental factors, and chronic infections may contribute 
significantly to the final clinical phenotype [60].

6.4  Genetics of EGPA

Fewer genetic association studies were performed in EGPA than in GPA and MPA, 
mainly due to the lower frequency of the disease as well as the difficulties in disease 
classification. ANCA-positive EGPA is more often characterized by vasculitic man-
ifestations, such as lung hemorrhage, peripheral neuropathy, glomerulonephritis, 
and purpura, and is the subset of EGPA easier to diagnose having a clear-cut clinical 
presentation and frequently relying on a biomarker such as ANCA [61]. In ANCA- 
negative cases (about 60% of EGPA patients), the diagnosis is significantly more 
difficult, as it overlaps with other immune-mediated diseases such as allergy/atopy 
or hypereosinophilic syndromes [62]. These difficulties have constituted the major 
obstacles in genetic studies in EGPA; in fact, to date, no GWAS has been published 
in this disease and the information about genetics of EGPA comes from relatively 
small candidate-gene studies.

The first set of candidate genes that were chosen to be explored were within the 
HLA locus: in 2007, an Italian study of 48 EGPA patients showed an association 
with HLA-DRB4 [63], which was confirmed in a subsequent study of 102 German 
patients [64]. Interestingly, the Italian study showed that HLA-DRB4 was particu-
larly enriched in patients with “vasculitic” manifestations of EGPA, such as glo-
merulonephritis, mononeuritis multiplex, and purpura. The identification of an 
association in the HLA locus suggested that EGPA is characterized by an 
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autoimmune nature. These findings are the most suggestive in EGPA, while other 
small studies have been performed with no replicated data.

Copy number variations (CNV) represent a significant source of genetic hetero-
geneity in addition to single-nucleotide variants; in fact, they could induce pheno-
typic heterogeneity influencing protein expression [65]. CNVs of Fcγ receptors 
(FcγRs) genes have been reported in association with autoimmune diseases such as 
systemic lupus erythematosus [66]. The role of CNVs of FCGR3B was investigated 
also in EGPA, and it was postulated that patients with only one copy of FCGR3B 
have an increased risk to develop the disease [67]. Again, this association was stron-
ger in the subgroup of patients showing vasculitic manifestations, the subgroup 
more likely to be ANCA positive, suggesting that in some way an altered interaction 
between FcGR3B and ANCA might be the explanation for this association.

Data on genetics in EGPA are still poor; we may so far conclude that it is char-
acterized by a likely autoimmune nature and that there is a possibly different genetic 
background between subsets of the disease with and without vasculitic manifesta-
tions; these conclusions are however preliminary, and the results of the ongoing 
GWAS run by the EVGC might be able to provide further insights.

6.5  Pharmacogenetics

Pharmacogenetics is the study of the role of genetic determinants in the variable 
response to therapy in terms of therapeutic efficacy as well as adverse effects [68]. 
Such studies are based on the analysis of candidate markers of individuals charac-
terized by a different drug-response phenotype, with tests for association that com-
pare genetic variation in a case-control study. Pharmacogenetics has ability to better 
predict response and/or toxicity based on a patient’s genotype. Discoveries in these 
areas may lead to personalized therapies that enhance therapeutic response and 
minimize the adverse effects of a given therapy [69].

In the last years, the development of monoclonal antibodies directed against a 
particular immunological protein has permitted the treatment of several autoim-
mune disorders (i.e., RA and AAV, autoimmune hemolytic anemia, type 1 diabetes, 
and Sjogren’s syndrome) [70–74]. One of these most used drugs is rituximab (RTX), 
a chimeric monoclonal antibody against the protein CD20. RTX is able to destroy 
both normal and malignant B cells that express CD20 (which is primarily found on 
the surface of B cells) and is therefore used to treat diseases which are characterized 
by having too many, overactive, or dysfunctional B cells [75]. Unfortunately, RTX 
has adverse effects, which can cause disability, such as tumor lysis syndrome (caus-
ing acute renal failure), infections (e.g., hepatitis B reactivation), progressive multi-
focal leukoencephalopathy, and pulmonary toxicity [76]. The mechanisms of action 
for RTX, mediated by its Fc portion, include apoptosis of CD20-positive cells, 
complement-dependent cytotoxicity (CDC), Fcg receptor (FcgR)-mediated mecha-
nisms, antibody-dependent cellular cytotoxicity (ADCC), and phagocytosis. The 
combined effects result in the elimination of B cells from the body, allowing a new 
population of healthy B cells to develop from lymphoid stem cells [77].
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Genetic variants that are functionally relevant to RTX action have already been 
identified. FCGR3A gene, which encodes the FcgRIIIa protein, displays a nucleo-
tide polymorphism at position c.559 that results in an amino acid change at position 
p.158 of FcgRIIIa; this variation affects its affinity for human IgG1 [78, 79]; conse-
quently to this change, human IgG1 binds more efficiently to NK cells homozygous 
for FCGR3A-158V than to NK cells homozygous for FCGR3A-158F.

Because FcgRIIIa is expressed only by monocytes/macrophages and NK cells (the 
main actors in ADCC), it has been postulated that patients homozygous for FCGR3A-
158V show significantly better response to RTX because they have enhanced ADCC 
activity compared with FCGR3A-158F carriers. This was confirmed in other studies 
using RTX [80, 81]. In 2003, Weng and Levy [82] also showed that the FCGR2A-
131H/R polymorphism significantly affects response and time to progression after 
RTX treatment, with better outcomes for FCGR2A-131H homozygous patients.

These results were not confirmed in other studies, founding no impact on RTX 
response [83], and by the suggestion that the association resulted from the strong 
linkage disequilibrium between FCGR3A and FCGR2A polymorphisms [84].

To date, there is no evidence that inherited mutations or polymorphisms of the 
CD20 gene (called MS4A1) influence the response to RTX [85].

Recently, a Spanish group selected 132 patients with systemic autoimmune dis-
eases treated with RTX. Of these patients, 81 (61.4%) were patients with SLE; 16 
(12.1%) presented different inflammatory myopathies such as polymyositis and 
dermatomyositis; 13 (9.8%) were AAV patients, including GPA, EGPA, and MPA; 
and the remaining 22 subjects had other systemic autoimmune diseases such as 
systemic sclerosis (SSc) or autoimmune hemolytic anemia. All patients were geno-
typed for FCGR3A-158F/V (rs396991) polymorphism using allelic discrimination 
technology, in order to determine whether the FCGR3A gene genetic variant con-
tributes to the observed variation in response to RTX. Six months after RTX infu-
sion, the response to the drug was evaluated: 61% of the patients showed a complete 
response, 27% a partial response, and 12% no response. A statistically significant 
difference was observed in 158V allele frequency between responders (38%) and 
nonresponders (16%) patients (P = 0.01; OR = 3.24, 95% confidence interval 1.17–
11.1). RTX was also more effective in the 158V allele carriers (94%) than in homo-
zygous 158FF patients (81%) (P  =  0.02; OR  =  3.96, 95% CI 1.10–17.68). This 
study suggested for the first time that FCGR3A-158F/V gene polymorphism plays a 
role in the response to RTX in autoimmune diseases, including AAV, even if with a 
small cohort; the results needed replication [86].

Another study identified a SNP in the regulatory region of the B-cell activating 
factor (BAFF) associated with a poor outcome after rituximab treatment; interest-
ingly the carriers of the unfavorable genotype showed signs for increased B-cell 
activity such as a higher proportion of detectable B cells and a smaller IgM reduc-
tion 6 months after therapy [87]. BAFF has already been identified as central in 
AAV pathogenesis, and a rebound of its levels after rituximab treatment has been 
considered as a risk factor for treatment failures [19] at the point that trials exploring 
a combined approach of anti-CD20 and anti-BAFF drugs are ongoing; this genetic 
study provides a further rationale for identifying a potential biomarker.
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Another drug used in the treatment of AAV is cyclophosphamide, a bifunctional 
DNA alkylating agent, which is incorporated in the treatment of most pediatric and 
adult malignancies and was one of the first nonhormonal agents to show antitumor 
activity in humans [88]. At lower doses, cyclophosphamide exerts a potent immuno-
suppressive effect [89]. Like all chemotherapies, variation in the efficacy and toxicity 
associated with cyclophosphamide has been described. Its adverse effects include 
cardiotoxicity, neurotoxicity, infertility, bladder toxicity, myelosuppression, and leu-
kemogenesis [90]. Both toxicity and response to cyclophosphamide are quite vari-
able. Several important pharmacogenetic discoveries of the cyclophosphamide 
effects have been performed using a candidate-gene approach focusing on known 
targets involved in CP bioactivation and/or detoxification; however, a whole-genome 
or a whole-exome approach may allow for a more comprehensive, unbiased approach 
for identifying important factors in cyclophosphamide clinical activity. Finally, genes 
involved in pharmacokinetic and pharmacodynamic effects of cyclophosphamide 
require discovery and validation in larger and more different patient cohorts.

All these studies, despite of interest, are characterized by several limitations and 
need further replication or follow-up studies in order to have their findings con-
firmed. However they represent good examples of what genetics can do in order to 
contribute to better defining disease prognosis.

6.6  Contribution of Genetics to AAV Classification

Significant overlap exists between GPA, MPA, and EGPA, leading to difficulties in 
clinical classification, which may impact on the therapeutic approach and disease 
monitoring with important consequences for the patients. Of interest, ANCA is a 
shared biomarker, and this, together with the important clinical overlap, may sug-
gest a pathogenetic overlap between AAVs. Of note, only 40% of EGPA cases are 
ANCA positive, and the ANCA-negative subgroup is more frequently represented 
by a variant of the disease usually without vasculitic manifestations and more often 
characterized by clinical characteristics that arise as a consequence of hypereo-
sinophilia. In this context of clinical uncertainty, genetics has played an important 
role in improving our understanding of AAV classification. In Table 6.2 the clinical 
and genetic characteristics supporting a reclassification of GPA and MPA accord-
ing to ANCA specificity rather than the clinical characteristics are reported.

First of all, the GWASs in GPA and MPA provided the insight that the genetic 
background is more clearly associated with the ANCA specificity rather than the 
clinical diagnoses. The associations were in fact stronger when the population was 
stratified according to the ANCA specificity rather that the clinical phenotype. This 
provides the rationale for the suggestion of the probable need of re-think GPA and 
MPA more as PR3+ and MPO+ AAV. The idea that ANCA specificity might be 
more robustly able to differentiate disease subtypes rather than clinical syndrome 
was not new, and some clinical observations already pointed toward this direction.

Despite the lower prevalence of PR3 positivity, clinical phenotypes resembling 
GPA and the clinical characteristics of PR3+ AAV are indeed still detected also in 
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MPO-positive patients. This overlap suggests that, although convenient, the classi-
fication according to ANCA specificity has some limitations as well and there must 
therefore be also likely shared genetic variants associated with both syndromes; 
PTPN22 is at the moment a strong candidate, but others may well be detected by 
better-powered studies. Future studies will need to be able to identify these associa-
tions in order to provide improvement in the understanding of disease pathogenesis 
as well as identifying new potential therapeutic targets.

6.7  Conclusions

Despite three GWASs in AAV have been performed so far and one in EGPA is cur-
rently ongoing, the field of genetics in AAV is still at an early stage of development. 
Few robust associations have been so far identified although the ones that have been 
found significantly contributed to our understanding of disease pathogenesis and 
classification. Some studies have also started to point their focus toward the role of 
genetics in defining prognosis.
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7.1  Introduction

Giant cell arteritis (GCA), also known as temporal arteritis, cranial arteritis, and 
Horton’s syndrome, is a granulomatous systemic vasculitis characterized by inflam-
matory damage of medium- and large-size blood vessels, particularly the aorta and 
its major branches, with a predisposition for the involvement of the extracranial 
branches of the carotid artery [1, 2]. GCA shows a complex etiology in which both 
environmental and genetic factors are involved in disease predisposition and pro-
gression [3]. It represents the most common type of vasculitis in Western countries 
after the fifth decade of life, affecting mostly women with a sex ratio around 3:1 [4, 
5]. A North to South gradient in GCA prevalence has been described, with 
Scandinavian ethnic groups and North American populations of the same descent 
showing the highest rates (annual incidence higher than 17/100,000 persons per 
population age >50  years, compared to <12/100,000 persons per population age 
>50 years in Southern European countries) [5].

The clinical manifestations of GCA are the consequence of the chronic inflam-
matory process within the arterial walls. They include headache, transient or perma-
nent blindness, jaw claudication, tongue necrosis, and central nervous system 
ischemic complications including stroke in some cases [6]. Up to half of GCA 
patients may also develop polymyalgia rheumatica (PMR), an inflammatory disor-
der characterized by severe pain and stiffness involving the shoulders, the pelvic 
girdle, and the neck, usually in individuals older than 50 years [7].

There are currently no biological markers of disease predisposition or progres-
sion for GCA, and, therefore, biopsy of the temporal artery showing disruption of 
the internal elastic laminae with infiltration of mononuclear cells is widely accepted 
as the gold standard to confirm diagnosis [8]. Likewise, no specific treatments have 
been developed for this disease either, being the glucocorticoid-mediated immuno-
suppression the common strategy used as soon as a diagnosis is suspected [9].

During the last decade, many studies have been performed to elucidate the 
genetic component of GCA. In this regard, the establishment of large international 
consortia and the use of the novel technologies for large-scale genotyping have 
allowed a big leap in the understanding of the molecular pathways involved in GCA 
development [10]. In this chapter, we will provide an overview of the current knowl-
edge on the genetic background of GCA. Recent insights into the influence of epi-
genetics on disease predisposition and the possible common pathogenic pathways 
between GCA and other forms of vasculitis will be also discussed.

7.2  Immunopathological Mechanisms of GCA

Different lines of evidence suggest that GCA is an antigen-driven autoinflammatory 
and autoimmune condition mediated by different populations of T cells, including T 
helper (Th) 1 cells (Th1), Th17 cells, regulatory T (Treg) cells, and Th9 cells [11]. As 
described below, this assumption is consistent with the reported genetic associations, 
and it supports the hypothesis that an infectious agent could trigger the disease in 

F. D. Carmona et al.



131

genetically predisposed individuals [12, 13]. In this regard, different viruses and bac-
teria have been proposed as candidate pathogens involved in the initial activation of 
the inflammatory process within the vessel wall. These include parvovirus B19, her-
pes simplex virus, cytomegalovirus, varicella zoster virus, human parainfluenzae, 
and Chlamydia pneumoniae, among others [11]. Consistent with this idea, rhythmic 
fluctuations of GCA annual incidence with peaks overlapping seasons of higher inci-
dence of airway infections have been described [14, 15]. However, most of those 
observations have not been replicated in independent studies, and definitive evidence 
is still to be provided. For instance, no single pathogen was detected in the temporal 
artery biopsy from 12 GCA patients using sequencing-based techniques [16].

Whatever the cause, the first pathological process observed in GCA patients cor-
responds with a loss of tolerance to the wall components leading to activation and 
expansion of resident dendritic cells (DC) of the adventitia. These cells act as sentinels 
that alert CD4+ T cells and macrophages after detecting pathogen-associated molecu-
lar patterns (PPR) by means of Toll-like receptors (TLR) and production of pro-
inflammatory cytokines and chemoattractant molecules. The involvement of TLRs is 
in agreement with the proposed idea of GCA triggered by infection [17–19]. As a 
consequence, immune cells infiltrate at the adventitia-media border from the vasa 
vasorum, and CD4+ T cells differentiate into interferon gamma (IFN-γ)-producing 
Th1 cells that induce subsequent activation of human leukocyte antigen (HLA)-DR-
expressing macrophages. Finally, activated macrophages end up forming multinucle-
ated giant cells and granulomas in the media, which promote chronic inflammation 
and arterial occlusion, which is responsible for the main clinical complications [19].

As discussed in the following section, GCA is mostly associated with HLA class 
II molecules, which is consistent with the proposed immunopathological mecha-
nisms influencing GCA development and emphasizing the autoimmune nature of 
this condition.

7.3  Candidate Gene Studies

Many genetic studies on GCA have been performed during the past two decades 
following the candidate gene approach [3]. Despite lacking most of them an ade-
quate statistical power to detect low to modest effect sizes, they have been of great 
help to better understand the pathophysiological mechanisms involved in disease 
risk and relevant outcomes.

7.3.1  Early HLA Associations

In humans, the HLA region is located at the short arm of the chromosome six 
(6p21.3) spanning approximately from 29,000,000 bp to 33,000,000 bp. This region 
contains more than 400 genes and pseudogenes, some of them encoding cell-surface 
antigen-presenting proteins with a central role in the immune response. Because of 
it, there is a considerable high sequence variation within the region, with more than 
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8000 annotated alleles for the classical HLA genes with an extensive linkage dis-
equilibrium (LD) between them [20].

As in most immune-mediated diseases, the HLA system represents the most rel-
evant susceptibility region for GCA susceptibility. This was something evident back 
in the 1980s, even considering the limitations in terms of statistical power that the 
genetic studies had at that time. As described below, the great efforts made by sev-
eral research groups allowed the identification of different class I and II haplotypes 
consistently associated with GCA risk [3]. Most of these associations were subse-
quently confirmed by comprehensive analyses of the HLA region using large-scale 
genotyping and imputation methods [21].

7.3.1.1  HLA Class II Associations
Early studies highlighted that GCA is predominantly a HLA class II disease. 
Different HLA classical alleles of this subregion were associated with disease pre-
disposition in independent populations of European ancestry from Spain, Italy, the 
USA, France, and Denmark. Associated haplotypes included HLA-DR3, HLA-DR4, 
HLA-DR5, and HLA-DRB1, with the latter showing the strongest evidence of asso-
ciation (specifically carriage of DRB1*0401 and DRB1*0404) [22–33]. Some of 
those studies also reported that presence of the HLA-DRB1*04 allele may correlate 
with corticosteroid resistance and increased predisposition to visual complications 
in GCA patients [31, 34, 35].

Besides, HLA-DRB1*04 haplotypes carrying the “shared epitope” (SE) were 
also related to GCA development, which suggested that this form of vasculitis could 
share part of its genetic background with RA [26, 36]. As discussed later on in this 
chapter, this observation was confirmed in subsequent studies using deep screening 
of the HLA region and genome-wide genotyping [21].

7.3.1.2  HLA Class I Associations
Some haplotypes of the HLA class I subregion were also described as possible GCA 
markers, including HLA-A*31, HLA-B*8, HLA-Cw3, HLA-Cw6, HLA-B*15, and 
MHC class I polypeptide-related sequence A (MICA). However, the associations 
were considerably less consistent than those of the class II, and attempts to replicate 
them failed in most cases [22, 27, 37, 38]. Indeed, as described in the following sec-
tion, a recent fine-mapping of the region using large study cohorts and novel impu-
tation methods only detected association signals at the HLA-B gene [21].

7.3.2  Associations with Non-HLA Candidate Genes

Thanks to the hard work of different research groups, especially those led by Drs. 
González-Gay and Salvarani from Spain and Italy, respectively, the genetic compo-
nent of GCA outside the HLA region was thoroughly explored using the candidate 
gene approach since the beginning of the present century. Unfortunately, most of the 
studies published during the first decade were performed using reduced populations 
and lacked replication steps in independent cohorts. Nonetheless, some associations 
with genes encoding proteins with relevant roles in the pathological pathways 
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involved in GCA were identified, including key components of the inflammation 
process like cytokines and cytokine receptors (e.g., IL17A, IL33, IL10, IL6, IFGN, 
and IL12RB2), immunomodulatory proteins of the adaptive and innate immunity 
(e.g., PTPN22, TLR4, and FCGR2A/3A), proteins with endothelial functions (e.g., 
ICAM1, VEGF, and NOS2A), and molecules involved in apoptotic processes (e.g., 
NLRP1) [39–54]. Some of these genes seem to confer susceptibility also to other 
forms of vasculitis like Takayasu’s arteritis (TAK), anti-neutrophil cytoplasmic anti-
bodies (ANCA)-associated vasculitis (AAV), Behçet’s disease (BD), immunoglob-
ulin A vasculitis (IgAV), and Kawasaki disease, which suggest a common genetic 
component in vasculitides [55].

Among them, PTPN22 represented the most consistent risk loci because of its 
high effect size (OR ~ 1.3) and validation in subsequent multicenter meta-analyses 
with data from several populations of European origin (including Spain, UK, 
Germany, and Norway) [42, 56]. PTPN22 is an archetypal autoimmunity gene, as it 
is involved in the pathogenic mechanisms leading to a wide range of immune-medi-
ated conditions, including type 1 diabetes, rheumatoid arthritis (RA), systemic 
lupus erythematosus, juvenile idiopathic arthritis, Graves’ disease, vitiligo, 
Hashimoto’s thyroiditis, myasthenia gravis, alopecia areata, Addison’s disease, 
idiopathic thrombocytopenic purpura, psoriatic arthritis, granulomatosis with poly-
angiitis, polymyositis, and systemic sclerosis [57].

In humans this gene is located on chromosome 1p13.3-p13.1 and encodes a non- 
receptor protein tyrosine kinase named LYP that is expressed mainly in lymphoid 
tissues. LYP modulate the signal transduction in different immune cell types by mod-
ifying the phosphorylation state of its target proteins. In particular, it has a central 
role in the negative regulation of both the T-cell receptor (TCR) and B-cell receptor 
(BCR) signaling pathways after engagement of the antigen, by acting in a coopera-
tive manner with the protein kinase CSK [58]. It seems that the effect on disease 
predisposition is mainly caused by a non-synonymous polymorphism located in the 
exon 14 of the gene (C1858T, rs2476601), which implies an arginine (R) to trypto-
phan (W) substitution in a protein-protein interaction domain of LYP (R620W). The 
presence of tryptophan at such position may interfere with the ability of LYP to bind 
CSK, preventing the formation of the complex and, therefore, affecting its down-
regulatory function on the TCR and BCR signaling. Whether R620W is a gain- or 
loss-of-function variant remains controversial, although most evidences point to the 
first option [58]. Because of that, attempts to develop efficient LYP inhibitors for the 
treatment of PTPN22-associated diseases are currently being made [59].

Another key risk factor for GCA identified through candidate gene studies was 
IL17A, as it supported the high relevance proposed for Th17 cells in the immuno-
pathological mechanisms underlying this type of vasculitis [39]. For instance, pres-
ence of Th17 cells has been reported in the arterial lesions of GCA patients, 
consistent with the high expression levels of IL17 and other Th17-specific pro- 
inflammatory cytokines detected in the biopsies of GCA-affected temporal arteries 
[60–62]. In this regard, it has been proposed that Th17 cells may influence the clini-
cal phenotypes of GCA in an early state of the disease, whereas the development of 
the chronic symptoms are more likely to be related to the pathological pathways 
orchestrated by IFNγ-producing Th1 cells [19]. Considering that corticosteroid 
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therapy seems to be more effective on Th17 cells than on Th1 cells, the Th17/Th1 
ratio could represent a valuable prognostic marker in GCA [60, 61].

7.4  Insights from Large-Scale Genetic Analyses

An international collaborative effort, involving many hospitals and research groups 
from Europe and North America, including the Spanish GCA Study Group, the 
European Vasculitis Genetics Consortium (EVGC), the Vasculitis Clinical Research 
Consortium (VCRC), and the UKGCA Consortium, has allowed the ambitious goal 
of conducting the first large-scale genetic studies in GCA by taking advantage of the 
high-throughput genotyping technology and the high statistical power of the large 
case series gathered (Fig. 7.1). This exciting achievement has represented a turning 
point in the understanding of the genetic component of the disease, and the insights 
gained may definitively help to lay down the foundations for future studies aimed at 
developing more efficient therapeutic strategies.

7.4.1  Use of the Immunochip to Fine-Map Immune-Related Loci

The first large-scale genetic analysis on GCA was published on 2015 using the 
Immunochip, a custom high-density array designed by the Immunochip Consortium 
(composed by the Wellcome Trust Case Control Consortium in collaboration with 
several leading groups focused on the investigation of the genetics of major autoim-
mune and autoinflammatory conditions) for immunogenetics gene mapping. This 
genotyping platform contained probes to type 196,524 polymorphisms, including 
single-nucleotide polymorphisms (SNPs), rare variants, and small insertion/dele-
tion (INDEL) polymorphisms, as well as a dense HLA set and a large panel of 
ancestry markers [63]. The Immunochip has proven to be one of the most successful 
platforms to identify specific and common association signals in a wide spectrum of 
immune-mediated diseases [64], including the vasculitides TAK, BD, ANCA, and 
IgAV [65–67].

Seven countries participated in the Immunochip study on GCA (i.e., Spain, Italy, 
UK, USA, Canada, Norway, and Germany), which resulted in the largest case- control 
cohort included in a study of this form of vasculitis by far (1651 GCA patients diag-
nosed either by a biopsy of the temporal artery or by imaging techniques and 15,306 
unaffected controls) [21]. The results obtained made evident the considerable high 
contribution of the HLA region to the disease susceptibility in comparison with the 
risk conferred by non-HLA loci (Fig. 7.1). Indeed, most of the genetic predisposi-
tions to GCA seemed to be driven by HLA class II molecules, specifically HLA-
DRB1 and HLA-DQA1, consistent with the pathogen infection triggering hypothesis 
described above. Interestingly, the dense SNP coverage of the Immunochip within 
the HLA region allowed a deep interrogation at the amino acid level by means of an 
imputation method that infers SNPs, two- and four-digit classical HLA alleles, and 
polymorphic amino acid positions at class I and II regions, using a reference panel of 
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European origin [68, 69]. The use of this bioinformatic tool allowed the authors to 
propose a model of three amino acid positions that explained most of the statistical 
significance observed in the HLA region. The major influence to disease risk of the 
model was conferred by the class II positions 13 of HLA-DRβ1 and 56 of HLA-
DQα1 (Fig. 7.2), with position 45 of the class I molecule HLA-B exerting a signifi-
cant but considerably lower contribution. The fact that these positions were located 
in the binding pocket of their corresponding HLA molecules, and that all three have 
been described to be directly involved in the peptide binding [70–72], gave a func-
tional relevance to the model. Moreover, histidine at position 13 of HLA-DRβ1 rep-
resented the most significant signal not only of the amino acids included in the 3 
amino acid model but also of all the polymorphisms analyzed in the Immunochip. 
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Fig. 7.1 Manhattan plot representation of the results of the (a) Immunochip and (b) genome-wide 
association studies of giant cell arteritis. The -log10 of the P-values are plotted against their physi-
cal chromosomal position. The blue line represents the study-wide level of significance in a 
(P < 1.77 × 10−6) and the genome-wide level of significance in b (P < 5 × 10−8). The most relevant 
associations are highlighted. The data were obtained from Carmona et al. 2015 and 2017 [21, 75]
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Again, this is in agreement with the early associations between GCA and HLA-
DRB1*04 classical alleles, as HLA-DRβ1 His13 is one of the polymorphic residues 
that defines the associated haplotypes and suggests that this position is crucial for the 
loss of tolerance against vascular wall self-antigens in GCA.

Regarding the non-HLA hits of the Immunochip, the only marker that surpassed 
the study-wide significance level was PTPN22 R620W, which was definitively con-
firmed as a relevant GCA gene. Considering that this genetic variant is the most 
important non-HLA genetic factor for RA, together with the fact that HLA-DRβ1 
His13 is also one of the amino acids with strongest effect on RA risk, the authors 
decided to test a polygenic risk score model predictive of RA risk in GCA patients and 
controls using the Immunochip data. Remarkably, GCA patients showed significantly 

HLA-DRβ1
(AA13)
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(AA56) OR (95% CI) P-value
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Fig. 7.2 Combinations of the amino acids included in the model that best explained the associa-
tion of the HLA class II genomic region with giant cell arteritis in the Immunochip study [21]. The 
model included the position 13 of HLA-DRβ1 and the position 56 of DQα1. Odds ratios (OR), 
95% confidence intervals (CI), and P-values are shown for each combination. AA amino acid. The 
“X” symbol represents absence of residue at the corresponding position
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higher scores than controls, especially when considering the HLA region alone. This 
is consistent with the observations in the 1990s suggesting that the SE may have some 
influence in GCA predisposition [26, 36]. As these two diseases do not use to be 
comorbidities one to another and their clinical phenotypes clearly differ, it is likely 
that the shared genetic component between them influences early steps of both dis-
eases related to the loss of tolerance against similar self-peptides [10].

On the other hand, LRRC32 represented the second non-HLA hit of the GCA 
Immunochip, very close to the statistical significance. This gene encodes a type I 
membrane glycoprotein containing 20 leucine-rich repeats that has been implicated 
in the development and function of FOXP3+ Tregs [73]. Hence, the genetic insights 
obtained in the Immunochip also supported the previously proposed implication of 
this cell type in the cellular events leading to GCA phenotypes [74].

7.4.2  Unbiased Genome-Wide Screening

The publication of the first genome-wide association study (GWAS) of GCA in 
2017 provided a wider overview of the genetic landscape of the disease. The study 
was performed on the initial seven cohorts included in the Immunochip and three 
additional ones from France, the Netherlands, and Ireland, comprising a total of 
2134 GCA patients and 9125 unaffected individuals [75]. Whole-genome SNP gen-
otype imputation was performed with the GWAS data using the 1000 Genome 
Project Phase III (1KGPh3) population as reference panel, resulting in 1,844,133 
SNPs for the analysis.

The study confirmed once again HLA class II as the most relevant risk genomic 
region for GCA.  As expected, two SNPs within the region showed independent 
effects, one located nearby HLA-DRB1 (rs9268905) and the other close to HLA- 
DQA1 (rs9275592). However, the most striking finding of the GWAS was the iden-
tification of plasminogen (PLG) and prolyl 4-hydroxylase subunit alpha 2 (P4HA2), 
which are involved in angiogenesis and vascular remodeling, as the major non-HLA 
genetic factors in GCA.

PLG encodes a blood zymogen that is the precursor of the plasmin and angio-
statin proteins [76]. The plasminogen system is crucial in several processes that are 
of special relevance in GCA development, including angiogenesis, recruitment of 
immune cells, and inflammation, through stimulation of cytokine production and 
oxidative stress [77, 78]. Taking this into account, the authors hypothesized that the 
GCA-associated PLG variants’ risk alleles could affect the balance of the plasmino-
gen system by altering gene expression, which would end up favoring the typical 
pro-inflammatory environment of affected vessels [75].

Regarding P4HA2, this is an important hypoxia-responsive gene that encodes the 
α subunit of the collagen prolyl 4-hydroxylase, a key enzyme in collagen biosynthe-
sis [79]. Interestingly, one of the alleles associated with GCA (rs101194) was anno-
tated as cis eQTL in public databases altering P4HA2 expression in both 
lymphoblastoid cell lines and the aorta, which is one of the most affected vessels in 
this form of vasculitis [75].
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7.5  Epigenetic Mechanisms in GCA

Epigenetics refers to the heritable changes in gene expression without modification 
of the DNA sequence [80]. In complex diseases, epigenetic mechanisms represent 
the cross talk between environmental and genetic cues. In GCA, the aging process 
can be considered the single factor with highest impact on disease risk, as the dis-
ease incidence increases considerably from the seventh decade of life [5]. In this 
sense, it is likely that progressive age may promote GCA onset by remodeling of the 
immune system and restructuring of the blood vessel wall [81]. Besides aging, other 
possible factors proposed as environmental causal agents of GCA include microbial 
pathogens, light sensitivity, altitude and latitude, solar cycle, and geomagnetic 
activity [5, 82, 83].

To shed light into the epigenetic mechanisms implicated in GCA predisposition, 
Coit and colleagues performed a genome-wide DNA methylome analysis of tempo-
ral artery biopsies (TAB) from 12 GCA patients and 12 matched controls [84]. More 
than 800 genes showed hypomethylation (i.e., upregulation of gene expression) in 
TAB from GCA patients compared to controls. Hypomethylated loci included pro- 
inflammatory genes (e.g., CD6, CD40LG, CCR7, IFNG, IL1B, IL2, IL6, IL18, IL21, 
IL23R, LTA, LTB, NLRP1, RUNX3, and TNF), genes encoding proteins of the TCR 
complex (e.g., CD3D, CD3E, CD3G, and CD3Z), and genes involved in T-cell acti-
vation (e.g., NFATC1, NFATC2, PPP3CC, and PTPN22). As stated previously in 
this chapter, some of them (i.e., IFNG, IL2, IL6, IL18, IL21, IL23R, NLRP1, 
PTPN22, and TNF) were described as genetic risk factors for GCA in candidate 
gene studies [3, 42]. But most strikingly, gene ontology enrichment analysis of the 
hypomethylated genes showed overrepresentation in biological pathways involving 
Th1- and Th17-cell activation and differentiation, specifically in TCR/CD28 signal-
ing and calcineurin (Ca)/NFAT-regulatory pathways. In fact, the highest hypometh-
ylated state in GCA TABs was observed in RUNX3, which is involved in the 
maturation of IFN-γ-producing Th1 cells [85]. Therefore, epigenetic modifications 
on immune-related genes in the arterial microenvironment might influence the char-
acteristic T-cell activation and Th1/Th17 polarization during GCA development 
[86]. Consistent with this idea, age-related DNA methylation changes in naïve 
CD4+ T have been described to alter regulatory mechanisms and signaling path-
ways involved in the development of autoimmune processes [87].

7.6  Shared Genetic Component with Other Forms 
of Vasculitis

One of the advantages of using the Immunochip platform is that it facilitates the 
comparison of the genetic component between the studied diseases, as the markers 
analyzed are the same and the SNP coverage in genes of the immune system is con-
siderably high [64]. Taking into consideration that Immunochip data was available 
for GCA and TAK [21, 65], which is another granulomatous large-vessel vasculitis 
(LVV) that shares many common clinical, histopathologic, and radiographic 

F. D. Carmona et al.



139

features with GCA [19, 88], a combined meta-analysis of such data was performed 
in order to elucidate possible overlapping immunopathogenic pathways [89]. The 
results of the study evidenced that no genetic correlation between both forms of 
LVV was evident within the HLA region, which is due to the fact that GCA is 
mostly a HLA class II-associated disease (with weaker effects of class I markers), 
whereas the opposite occurs in TAK (i.e., class I harbors the strongest effect sizes 
with lower contribution of class II markers, as described in the next chapter). The 
distinct pattern of associated HLA haplotypes could be related to early disease- 
specific mechanisms of each form of vasculitis.

On the contrary, a significant shared heritability was observed outside the HLA 
region, either by using a bivariate restricted maximum likelihood (RML) method to 
calculate the genetic pleiotropy or by analyzing polygenic risk scores on one disease 
calculated with the susceptibility signals of the other disease. In this regard, IL12B 
represented the most relevant common gene predisposing both types of vasculitis. 
This gene encodes the P40 subunit that is present in both IL-12 and IL-23, which 
promote Th1 and Th17 cell differentiation, respectively (the latter along with IL-1β) 
[90]. Consistent with this association, it has been described that blocking of the p40 
subunit with ustekinumab leads to a better prognosis in patients with refractory 
GCA [91]. Other suggestive common markers identified in this study included 
NOS2, ERAP1, REL, and PRKQC [89].

Finally, in a recent study, Ortiz-Fernández and collaborators extended the GCA- 
TAK cross-disease meta-analysis by adding Immunochip data from two additional 
vasculitides, AAV and IgAV [66]. In total, Immunochip data from 2465 patients 
diagnosed with any of these four types of vasculitis and 4632 unaffected controls 
were tested for common associations. This study described lysine demethylase 
(KDM4C) as a novel common susceptibility gene for the vasculitides analyzed and 
also for BD [66]. Interestingly, its encoded protein is a histone demethylase with a 
relevant function in the epigenetic regulation of gene expression and chromatin con-
formation [92].

7.7  Conclusions

During the last years, we have substantially increased the knowledge of the patho-
logical mechanisms behind GCA (Table  7.1 and Fig.  7.3). This qualitative and 
quantitative leap has been possible due to the establishment of international collab-
orative consortia and the emergence of the new technologies for the genetic studies. 
We know now that GCA is a complex and polygenic condition in which environ-
mental factors may trigger the disease in genetically predisposed individuals via 
epigenetic modifications in hematopoietic and vascular tissues [11]. The use of 
high-throughput genotyping platforms in large case-control cohorts has generated 
very valuable data that strongly support the notion of GCA as an antigen-driven 
immune-mediated disorder in which most of the genetic risk is carried by HLA 
class II molecules (specifically amino acids 13 and 56 of HLA-DRβ1 and HLA- 
DQα1, respectively) [21]. Indeed, GCA can be considered an archetypal HLA class 
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Fig. 7.3 (a) Interaction network and (b) functional enrichments of the genes showing evidence of 
association with GCA risk either by candidate gene studies or by large-scale approaches. STRING 
database was used to search for both direct and indirect interactions among selected genes. The 
width of the blue lines indicates the reliability of each interaction
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II disease in which non-HLA genes may have a lower but still essential contribution 
to the disease development. Among them, genes encoding regulatory molecules of 
the immune system (e.g., IL17A, IL33, PTPN22, or LRRC32) as well as proteins 
involved in angiogenesis and vascular remodeling (e.g., PLG and P4HA2) seem to 
play the most relevant roles [10, 75]. Interestingly, some of them have been described 
to show specific signatures of DNA methylation marks in cells located at the sites 
of inflammation [84].

However, there is still a long way ahead before reaching a complete understand-
ing of the disease etiology. Common and specific pathological pathways between 
the different clinical outcomes of GCA and between GCA and other forms of vas-
culitis may be elucidated to better explain the phenotypic variance. It is also espe-
cially true for the frequent overlap between GCA and PMR [93]. In this regard, 

b

Fig. 7.3 (continued)
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patients with clinically isolated (“pure”) PMR were found to have lower degree of 
inflammatory response when compared to those with PMR associated with typical 
cranial GCA [94]. Moreover, at least a third of the patients considered as having 
isolated PMR have large-vessel involvement when imaging techniques, such as 
18F-fluorodeoxyglucosepositron emission tomography (PET) with an integrated 
computed tomography (CT) imaging system, are performed [7]. Therefore, this is a 
necessary step that may definitively help us in the ambitious endeavor of developing 
efficient diagnostic and prognostic markers in parallel with personalized therapeutic 
strategies that can be implemented in the clinical practice in a near future.
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8.1  Introduction

Takayasu arteritis (TA) is an immune-mediated disease that predominately affects 
the aorta and its major branches. In 1990 the American College of Rheumatology 
proposed the presence of three of the following disease criteria for classification of 
TA: decreased brachial artery pulse, claudication of an extremity, blood pressure 
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discrepancy between arms, subclavian arterial bruit, narrowing of the aorta or its 
major branches or proximal arteries, and an age of onset less than or equal to 
40 years of age [1]. TA has been sometimes referred to as pulseless disease, due to 
this decrease of brachial artery pulse. Other manifestations of TA may include aortic 
regurgitation, hypertension, and arterial lesions, specifically in the pulmonary, left 
mid-common carotid, distal brachiocephalic, and thoracic arteries, as well as the 
abdominal aorta [1]. The specific etiology of TA is not known, though it has been 
shown to have a genetic component, based on geographic and familial clustering, 
immunogenetic analysis, candidate gene studies, and three published large genotyp-
ing array experiments.

The pathophysiology of TA is incompletely understood, but the role of infiltrating 
immune cells, specifically T cells, has been described. The aortic tissues of TA patients 
are infiltrated with CD4+ T cells, CD8+ T cells, macrophages, natural killer cells, and 
γδ T cells [2] (Fig. 8.1). Specifically, the infiltrating CD4+ T cells demonstrate a TH1/
TH17 phenotype. Compared to healthy controls, TA patients show increased concen-
trations of IL-2, IL-2R, IL-12, IL-23, IFNγ, TNFα, IL-1RA, and IL-17A. Moreover, 
CD4+ T cells that produce either IL-17A or IFNγ are increased in active TA patients 
compared to both TA in remission and healthy controls [3]. Interactions between 
CD4+ T cells and dendritic cells have also been implicated, as co-localized CD4+ T 

DC

CD4+T HLA-DR CD8+ T NK Macrophage

FCGR2A

LILRB3

gd T

IL-12 IL-23 IL-6

TH1 TH17 aTreg

Fig. 8.1 Summary of immunologic roles of susceptibility genes associated with TA.  Immune 
cells that have been found infiltrated in aortic tissue of TA patients are depicted. Only genes that 
have been identified in genotyping array studies are included in this summary. All genes that are 
demonstrably upregulated and all cell populations increased in PBMCs in TA are shown in green, 
all that are downregulated or decreased are shown in red, and all cells that have no altered preva-
lence are shown in blue. IL-12B, a component of both IL-23 and IL-12, is involved in TH1/TH17 
cell differentiation. IL-6 is required for TH17 differentiation. HLA-DRB1 is a late activation 
marker of CD4+ T cells, and HLA-DRB1 expressing CD4+ T cells are increased in TA. HLA-B 
can be expressed by all shown cells and targeted for apoptosis by NK cells. FCGR2A and LILRB3 
are both found on the surface of macrophages. LILRB3 binds to MHC class I proteins, and inhibits 
apoptotic activity of NK cells and γδ T cells. While decreased expression of LILRB3 has not been 
demonstrated in TA patients, the variant that is associated with TA is correlated to decreased 
LILRB3 expression in healthy controls. Abbreviations: TH1 T helper 1 cell, TH17 T helper 17 cell, 
aTreg activated regulatory T cell, DC dendritic cell, NK natural killer cell, T T cell, IL interleukin, 
CD cluster of differentiation
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cells and dendritic cells have been found in inflamed arteries [4]. In addition, the leu-
kocyte adhesion molecules VCAM-1 and ICAM-1 are increased in TA patients [5]. 
The peripheral blood mononuclear cells (PBMCs) of patients with active TA contain 
a higher proportion of γδ T cells than healthy controls and a higher proportion of γδ T 
cells that produce IFNγ [6]. Increased apoptosis of arterial cells has been described in 
TA, potentially mediated by perforin, which is released by infiltrating CD8+ T cells, 
γδ T cells, and natural killer cells [2]. Moreover, other costimulatory molecules that 
enhance natural killer cell-mediated apoptosis, such as 4-1bb, 4-1 bbl, and Fas, are 
increased in TA patients [7]. To summarize, while inflammation in TA is predomi-
nately CD4+ T-cell mediated, CD8+ T cells, γδ T cells, natural killer cells, dendritic 
cells, and macrophages have been shown to also play a role in the disease etiology.

8.2  Geographic and Familial Localization

Evidence of a genetic component to TA stems from the varying disease prevalence 
in different racial and ethnic groups. TA is most commonly described in Asian and 
South American populations [8]. Females are more likely to develop the disease 
than males across all ethnicities, and it is most commonly diagnosed between the 
age of 25 and 30 years [9, 10]. However, the exact proportion of female TA patients 
varies between countries; the highest proportion is in Japan, reporting an 8:1 female 
to male ratio [9]. Moreover, the prevalence of specific disease manifestations varies 
across geographic regions. For example, ascending aorta, aortic arch, and ocular 
involvement is more common among Japanese patients than in the rest of the world. 
Meanwhile, abdominal arterial involvement, as well as secondary hypertension, is 
more common in Indian, Chinese, and Thai populations [8]. The geographic local-
ization of disease incidence, as well as the distribution of specific manifestations, 
suggest that genetic factors contribute to disease pathogenesis and progression.

In addition to patterns in geographic localization, familial aggregation of TA has 
been well documented. Several studies have shown TA aggregated within families 
[11–16]. Moreover, TA has been reported in monozygotic twins [17, 18]. Each of 
these family and twin studies suggests a potential genetic association with 
TA. Determining the genetic differences in these families has focused on human 
leukocyte antigen (HLA) typing in affected patients and their families. Of the HLA 
alleles found in affected, but not unaffected, siblings, the HLA-B*52 and HLA- 
A*24 alleles have been repeatedly described [12]. However, not all family studies 
show consistent and unique similarities between affected siblings compared to unaf-
fected siblings [14, 18]. This suggests a role for both non-HLA polymorphisms and 
environmental factors in disease progression.

8.3  Associations Within the HLA Region

Research focused on identifying specific genetic components of TA initially focused 
on HLA types. An association between HLA-B*52 and TA was first documented in 
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1978, in a Japanese population [19]. This association has since been robustly 
described in other ethnicities, including in northern Indian [20], Thai [21], Mexican 
[22], Turkish [23], European-American [24], Greek [25], and Korean [26] cohorts, 
in addition to other Japanese cohorts [27–29] (Table 8.1). Variable prevalence of 
these HLA allelotypes throughout the world has been repeatedly put forward as an 
explanation for the geographic localization of TA patients, as the HLA-B*52 allele 
is more common in Japan compared to the rest of the world. In more recent studies, 
the allelotype HLA-B*52-01 has been specifically implicated. Large population 
studies have also identified other associated alleles. In Japanese cohorts, HLA- 
B*39, HLA-DRB1*15-02, HLA-DQA1*01-03, HLA-DQB1*06-01, HLA-
B*67- 01, and HLA-DPB1*09-01 have also been associated with TA [30–34]. In a 
Han Chinese cohort, HLA-DRB1*07 was associated with TA, as well as a 
DQA1*03-01-DQB1*03-01-DRB1*07 haplotype [35]. Additional associated HLA 
alleles have been described in multiple ethnicities (Table 8.1). In a Korean cohort, 
HLA-A*30-01 and HLA-DRB1*15-02 were associated with disease risk, while 
HLA-A*26-02 was found to be protective [26]. In Mexican patients, HLA-B*15 
was associated with TA alongside HLA-B*52 [22]. In multiple populations, HLA-
DPB1*09-01 has been found to be more common in TA patients [33, 34, 36]. In Han 
Chinese patients, this allele and the HLA-DPB1*17-01 allele have been correlated 
with an earlier age of onset [36]. However, the HLA-DPB1*09-01 allele is 

Table 8.1 List of all HLA alleles associated with TA, including the ethnicity in which the effect 
has been described

Gene Allelotype Ethnicity Reference
HLA-A *30-01 Korean [26]
HLA-B *15 Mexican [22]
HLA-B *52 Japanese, Indian, Thai, Mexican, Turkish, 

European- American, Greek, Korean
[19–29, 32–34]

HLA-B *39 Japanese [33]
HLA-B *67-01 Japanese [31, 32]
HLA- 
DPB1

*09-01 Japanese, Han Chinese [33, 34, 36]

HLA- 
DPB1

*17-01 Han Chinese [36]

HLA- 
DQA1

*0103 Japanese [34]

HLA- 
DQB1

*0601 Japanese [34]

HLA- 
DRB1

*15-02 Japanese [33, 34]

HLA- 
DRB1

*07 Han Chinese [35]

HLA- 
DRB1

*15-02 Korean [26]

Each of these allelotypes was identified using HLA allelotyping experiments, and only statistically 
significant (p < 0.05) allelotypes are included
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commonly found alongside HLA-B*52, so this association may be due to a linkage 
disequilibrium effect and may not have an independent effect on disease etiology 
[36]. Because concurrent associations of allelotypes of separate genes may be due 
to linkage disequilibrium, the exact HLA variation that directly influences the 
mechanism of disease can be difficult to elucidate.

8.4  Non-HLA Candidate Gene Studies

Candidate gene studies targeting non-HLA loci have been used to identify additional 
genetic risk loci in TA (Table 8.2). Genes were selected for study based on the poten-
tial functional relevance of the proteins they code to disease etiology. The serum 
concentrations of the cytokines IL-12 and IL-6 have been shown to be increased in 
TA patients compared to healthy controls, while expression of IL-2 has been impli-
cated in TA pathogenesis [3, 37]. As genetic polymorphisms can affect the rate of 
transcription of genes, as well as alter the activity of the translated proteins, these 
genes have been selected for a candidate gene study in a Turkish cohort. It was found 
that certain genotypes of IL12B (rs3213113, CC), IL6 (rs1800795, GG), and IL2 
(rs2069762 TT) were more common in TA patients compared to healthy controls 
[37]. Other candidate genes that were selected based on their pro-inflammatory 
activity or role in other autoimmune diseases have been shown to be associated with 
TA. The cytokine IL-1 plays a role both in pro-inflammatory response and in vascu-
lar smooth muscle proliferation, so IL1 and IL1RN polymorphisms were analyzed in 
a Mexican cohort [38]. Significant associations between TA and multiple genotypes 
within IL1 and IL1RN were described (rs3811058 C, rs315952 C, and rs315951 G 
alleles; rs3811058 TC, rs419598 TT, and rs315952 TC genotypes). Another Mexican 
cohort demonstrated a preponderance of polymorphisms in PON1 (rs854560 and 

Table 8.2 List of all single-SNP alleles and genotypes with statistically significant associations 
(p < 0.05) with TA, which have been identified in candidate gene association studies

Gene Variant
Risk allele/
genotype Ethnicity Study type Reference

IL1 rs3811058 C Mexican Candidate gene [38]
IL1 rs3811058 TC Mexican Candidate gene [38]
IL1RN rs315952 C Mexican Candidate gene [38]
IL1RN rs315951 G Mexican Candidate gene [38]
IL1RN rs419598 TT Mexican Candidate gene [38]
IL1RN rs315952 TC Mexican Candidate gene [38]
IL2 rs2069762 TT Turkish Candidate gene [37]
IL6 rs1800795 GG Turkish Candidate gene [37]
IL12B rs3213113 CC Turkish Candidate gene [37]
PON1 rs854560 A Mexican Candidate gene [39]
PON1 rs705379 T Mexican Candidate gene [39]
FCGR2A/
FCGR3A

rs10919543 G Han Chinese Candidate gene [48]
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rs705379) in TA patients [39]. Furthermore, a PON1 enzyme with these polymor-
phisms was shown to be less active than the wild-type PON1. Nevertheless, poly-
morphisms in promising candidate genes are not always found to be relevant to the 
disease. In two studies focused on Turkish cohorts, polymorphisms around the genes 
PDCD1 (PD-1.3, PD-1.5, PD-1.6) [40] and PTPN22 (rs2476601) [41] were equally 
frequent in TA patients and healthy controls. This series of studies in Turkish and 
Mexican cohorts has identified several genetic polymorphisms within proteins that 
could be directly involved with TA etiology.

8.5  Insights from Genotyping Array Experiments

Large-scale genotyping array experiments have been used to identify novel 
genetic susceptibility loci in TA. One genome-wide association study (GWAS) 
has been performed comparing TA patients to healthy controls, using both a 
Turkish and a European-American cohort (Figs. 8.1 and 8.2). In a meta-analysis 

“Immune Processes”

IL6 and IL12B

HLA-B and HLA-DRB1

LILRB3 and FCGR2A

“Cytokine Activity”
“T Cell Proliferation”

“STAT Tyrosine
Phosphorylation”

“Pathogen Defense”

“Antigen Presentation”
“IFN gamma signaling

pathway”

“Neutrophil Degranulation”

Fig. 8.2 Overlapping ontologies of genes with variants associated with TA, as identified by geno-
typing array studies. Listed are gene ontology (GO) terms shared between both genes in each 
cluster, identified using the UniProt-GOA database [57]. Every gene identified is annotated with 
the GO term “Immune System Processes” (GO:0002376) or “Immune Response” (GO:0006955). 
IL12B and IL6 are both annotated with multiple pathogen defense GO terms; the overlapping terms 
are defense response to gram-negative bacteria, defense response to virus, and defense response to 
protozoan. Each gene with variants associated with TA in a large genotyping study has an immune- 
related function, with specific ontologies shared between genes listed
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of both cohorts, this study found significant associations between TA and three 
loci: IL6 (rs2069837, meta-analysis OR, 2.1; p, 6.7  ×  10−9), RPS9/LILRB3 
(rs11666453, OR, 1.6; p, 2.34 × 10−8), and a locus on chromosome 21q22, near 
PSMG1 (rs2836878, OR, 1.8; p, 3.62 × 10−10) (Table 8.3) [42]. The cytokine 
IL-6 plays a role in T-cell differentiation. It is required for TH17 differentiation, 
and also inhibits Treg differentiation, which may play a role in the increased 
TH17 and decreased Treg populations seen in active TA [3, 43]. Because the asso-
ciated SNP rs2069837 is found within an enhancer region of IL6, it may prove 
to play a role in the dysregulation of IL-6 shown in TA. Variation in LILRB3 
may also directly affect pathogenesis. While LILRB3 is involved in repression 
of the anti-MHC class 1 immune response, the variant rs11666453 is associated 
with a decrease in LILRB3 expression [42]. As HLA-B, an MHC class I gene, 
has been repeatedly implicated in TA, this suggests that variation negatively 
affecting the expression of LILRB3 may play a role in this same disease path-
way. Variations affecting the function of LILRB3 and IL6 may directly affect the 
pathways involved in disease etiology.

Two targeted arrays have been performed to identify additional genetic asso-
ciations with TA. A Turkish cohort and a European-American cohort were also 
fine mapped using an Immuno BeadChip Microarray (ImmunoChip), which 
targets immune-related genes and genes that have been previously associated 
with immune- mediated diseases (Figs. 8.1 and 8.2). Genetic associations with 
a GWAS level of significance were established in FCGR2A/FCGR3A 
(rs10919543, meta-analysis OR, 1.81; p, 5.89 × 10−12) and IL12B (rs56167332, 
meta-analysis OR, 1.54; p, 2.18  ×  10−8) [24]. The FCGR2A/FCGR3A 

Table 8.3 List of variants associated with TA, identified by genotyping array

Gene Variant
Risk 
allele Ethnicity Study type Reference

IL6 rs2069837 A Turkish/European 
American

GWAS [42]

RPS9/LILRB3 rs11666543 G Turkish/European 
American

GWAS [42]

Chr.21q22 rs2836878 G Turkish/European 
American

GWAS [42]

FCGR2A/
FCGR3A

rs10919543 G Turkish/European 
American

ImmunoChip 
Array

[24]

HLA-DRB1/
HLA-DQA1

rs113452171 C Turkish/European 
American

ImmunoChip 
Array

[24]

HLA-B/MICA rs12524487 T Turkish/European 
American

ImmunoChip 
Array

[24]

IL12B rs56167332 A Turkish/European 
American

ImmunoChip 
Array

[24]

IL12B rs6871626 A Japanese Exome Array [27]

Only variants identified with a genome-wide level of significance are included (p < 5 × 10−8). In 
scenarios where multiple variants within the same locus within the same study were statistically 
significant only the index variant, the variant with the lowest p value, was included
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polymorphism is associated with increased FCGR2A expression in lympho-
blastoid cells. Typically, FCGR2A is expressed on macrophages and neutro-
phils, and is involved in phagocytosis, so this variant may affect the activity of 
the infiltrating macrophages found in TA [44]. In the HLA region, a novel 
association with the HLADRB1/HLADQA1 locus (rs113452171, OR, 2.34; p, 
3.74  ×  10−9; rs189754752, OR, 2.47; p, 4.22  ×  10−9) was independent of a 
HLA-B*52 effect. Along with HLA-B*52-01, TA patients demonstrated an 
increased frequency of HLA-Cw*12-02 and rs12524487, an intergenic SNP 
near HLA-B not associated with an HLA allelotype. However, because 
HLA-Cw*12-02 and rs12524487 are in linkage disequilibrium with HLA-
B*52-01, these could all be part of the same genetic effect.

Genetic effects have been also described via genotyping arrays in two Japanese 
cohorts. Using an Exome BeadChip, an array targeting exonic variants, a polymor-
phism within the IL12B (rs6871626, meta-analysis OR, 1.76; p, 1.7 × 10−13) locus 
was described [27]. This genetic variant is in strong linkage disequilibrium with 
rs56167332, the index SNP in IL12B associated with TA in the ImmunoChip study 
described above [24] (Figs. 8.1 and 8.2). In Japanese patients, the IL12B locus was 
also found to be associated with aortic regurgitation (p, 0.0046). In addition, in 
these Japanese cohorts, a suggestive association with the transcription factor gene 
MLX was described, but this did not reach a genome level of significance (rs665268, 
p, 5.2 × 10−7). This same study validated the well-described association with HLA- 
B*52 (OR, 2.44; p, 2.8 × 10−21).

Both of these genotyping studies identified polymorphisms in IL12B that con-
tribute to genetic risk for TA. There are multiple mechanisms by which differ-
ences of the expression of IL-12B may contribute to disease progression. The 
IL-12B subunit, p40, is common to both IL-12 and IL-23, and increased levels of 
both cytokines have been reported in TA patients [3]. IL-12 is involved in TH1 
differentiation, and IL-23 is important for TH17 cell maintenance; furthermore, 
both cell types are increased in active TA [45, 46]. As part of the TH1 response, 
IL-12 activates IFNγ production and related signaling cascades; moreover, 
IL-12-stimulated PBMCs have been shown to inhibit angiogenesis by inhibiting 
endothelial cell growth in an IFNγ-dependent manner [47]. It has been suggested 
that this inhibition of angiogenesis leads to slower healing of aortic lesions that 
form during active TA [44].

The genetic variants identified from these array-based genotyping studies 
were subsequently examined with a candidate gene association study in Han 
Chinese patients and controls. The FCGR2A/FCG3A variant (rs10919543), pre-
viously identified in Turkish and European-American populations, was repli-
cated (Table 8.3) [48]. However, this same study found no effect in the variants 
previously described in the MLX, HLA-B/MICA, and IL12B (rs665268, 
rs12524487, and rs56167332, respectively). This suggests the presence of eth-
nicity-specific genetic loci in TA. The genetic association between TA and the 
FCGR2A/FCGR3A locus was further validated in Han Chinese patients in a 
larger subsequent study [49].
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8.6  Similarities with Other Diseases

Some of the genetic associations described in TA are shared by other immune- 
mediated diseases. TA and ulcerative colitis (UC) have both been associated with 
a risk locus in FCGR2A/FCGR3A and the locus on chromosome 21q22 [24]. In a 
study of 470 TA patients, concurrent UC was found to be significantly higher than 
the prevalence of UC in Japan (6.4% vs. 0.11%; p, 1.0 × 10−10) [50], confirming 
earlier observations [51]. It was also found that UC patients develop TA earlier 
than patients with only a TA diagnosis, though there is no evidence that one disease 
usually precedes the other. Genetically, HLA-B*52 frequency, but not rs6871626 
(IL12B) allele frequency, was increased in patients with both diseases, compared to 
patients with only TA (OR,12.14; p, 1.0 × 10−5) [50]. This enforces the observation 
that UC and TA share genetic risk loci [24], leading to the increased comorbidity 
of both diseases. Furthermore, TA has been shown to be genetically distinct from 
other diseases. The HLA-B alleles associated with TA and tuberculosis have been 
shown to be genetically distinct, despite the occurrence of arterial lesions in both 
diseases [52].

Genetic similarities between TA and giant cell arteritis (GCA) have been evalu-
ated on a large scale using the ImmunoChip platform [53]. GCA is another large- 
vessel vasculitis, which similar to TA can also affect the aorta, but unlike TA, 
generally affects older patients. After comparing variant genotypes through a meta- 
analysis using ImmunoChip genetic data in both diseases, it was found that both TA 
and GCA share the IL12B risk locus (rs755374, p, 7.54 × 10−7). Moreover, GCA 
was found to be predominantly HLA class II mediated, significantly associated with 
the HLA-DRB1/HLA-DQA1 locus, while the HLA class I effect focused around 
HLA-B/MICA was again validated in TA (most significant variants, rs9405038 and 
rs12524487, respectively) [53].

8.7  Conclusions and Future Implications

Until very recently, the genetic association with HLA-B*52 was the only genetic 
risk locus confirmed for TA in multiple ethnicities. Progress in the last few years has 
led to the discovery and replication of several additional genetic risk loci with a 
GWAS level of significance for this complex disease. These findings shed light into 
the disease pathogenesis and implicate key immune-related mechanisms that can be 
potentially targeted for therapy. However, despite this progress, the functional con-
sequences for the genetic risk variants identified in TA are still largely unknown, 
and the limited sample size for studies performed to date precluded from the identi-
fication of the complete genetic makeup underlying this disease.

Very little is known about how the genetic risk variants for TA contribute to dis-
ease severity or other clinical characteristics. There is some evidence that both the 
HLA-B*52 allele and the IL12B risk locus are associated with disease severity. 
HLA-B*52 has been associated with use of higher prednisone doses, higher 
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C-reactive protein levels, early disease onset, more extensive aortic involvement, 
left ventricular dysfunction, and aortic regurgitation in TA [23, 54, 55]. In a Japanese 
cohort, individuals with the risk allele in IL12B (rs6871626-A) had a higher proba-
bility for disease relapse [56]. These observations suggest that genetic information 
could be developed to help in better assessing disease prognosis and outcome in TA 
in the future. Further, as the functional mechanisms impacted by each genetic sus-
ceptibility variant are more thoroughly understood, novel therapeutic options and 
individualized treatment plans for TA patients could become available.
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9.1  Introduction

The three major Autoimmune liver diseases (AILDs), comprising primary biliary 
cirrhosis (PBC; also referred to as primary biliary cholangitis) [1], primary scleros-
ing cholangitis (PSC) [2], and autoimmune hepatitis (AIH) [3], are principal causes 
for last-stage liver disease. AILDs are complex conditions encompassing a range of 
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disorders affecting the hepatobiliary system, which arise from the interaction 
between genetic susceptibility and unknown environmental factors that affect dis-
ease predisposition and progression [4]. Support of an autoimmune cause is pro-
vided by strong genetic links with human leukocyte antigen (HLA), the presence of 
high circulating autoantibodies (which are different for each disease), and a higher 
probability of concomitant autoimmune disease affecting other organ systems. It is 
noteworthy the uncommon factor of these diseases, with a prevalence rate of 1.91 to 
49.2 per 100,000 in the case of PBC, 0 to 16.2 per 100,000 in PSC, and 4 to 42.1 per 
100,000 in AIH [5–7].

These diseases can impact people of all ages and persist as a chronic illness 
rather than acute illness. AILDs represent a relevant cause of liver failure and trans-
plantation worldwide, in which treatments to disease progression are only available 
in PBC [8] and AIH [9], but not in PSC [2], being this liver transplantation the only 
curable treatment in all three diseases [10]. To date, liver biochemistry, liver histol-
ogy, autoantibody profile, and imaging are the main procedures in which manage-
ment and treatment strategies have relied on regarding these three conditions. 
Nevertheless, recent research has led to improved knowledge of pathophysiology 
thanks to the development of large-scale AILDs patient cohorts and the implemen-
tation of high-throughput methods [11].

During the last years, more and more studies are shedding light on the genetic 
component of these three hepatic autoimmune conditions. The increasing number 
of international collaborative studies, together with the use of high-density genotyp-
ing platforms and the performance of genome-wide association studies (GWAS), 
represent a powerful strategy for exploring the genetic landscape of AILDs. From 
the classical HLA alleles to the most recently discovered genetic associations, in 
this chapter we will provide an overview of the current knowledge on the genetic 
background, considering the individual and shared genetic component of PBC, 
PSC, and AIH with other autoimmune diseases.

9.2  Primary Biliary Cirrhosis

9.2.1  Immunopathology of PBC

PBC is an idiopathic autoimmune chronic liver disease characterized by progressive 
loss of intrahepatic bile ducts, resulting in progressive fibrosis and cholestasis [1]. 
Most of the patients present autoantibodies against the E2 component of pyruvate 
dehydrogenase enzyme present on the inner mitochondrial membrane [12], which 
are usually called “anti-mitochondrial antibodies” (AMA). Additionally, the major-
ity of the patients also present at least one concomitant autoimmune condition [13]. 
AMA detection is the principal diagnostic and predictive method for the disease, 
being present at elevated titer in most of the patients. Furthermore, different PBC- 
specific antinuclear autoantibodies (ANA) can be observed in 30% of patients [14].

Autoantibodies against mitochondria components show an intense linear stain-
ing pattern in the apical region of biliary epithelial cells (BEC) in patients. 
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Furthermore, AMA is associated with apoptosis [15]. PBC is a typical autoimmune 
disease with a T-cell signature, in which the principal cellular infiltrate is mainly 
comprised of CD4+ T cells, and lower increases in cytotoxic (CD8+) T cells. An 
increase in the number of CD4+ T cells is predominantly observed in the liver and 
the hilar lymph nodes [16]. It is noteworthy the presence of CD8+ and CD4+ T cells 
specific to mitochondrial autoantigens in livers and liver lymph nodes, as well as in 
peripheral blood of patients. Enhanced expression of class I and II major histocom-
patibility complex (MHC) proteins has been demonstrated at the surface of bile 
ducts of PBC patients, presenting antigen to cytotoxic (CD8+) and helper (CD4+) T 
cells, respectively [17].

The cytokine signature is another key factor in the PBC pathogenesis. Evidence 
sustain a model focused toward the effects of balancing immunoregulatory path-
ways, in particular, Th1 and Th17 cells. Elevated levels of interferon gamma (IFNγ) 
and IL-18 (considered activators of Th1 pathway) and reduced levels of IL-10 (pre-
dominantly Th2 cytokine) have been detected in PBC patients as compared to levels 
detected in healthy controls [18]. Immunohistochemical studies support these 
observations, with PBC liver samples showing IL-12/Th1 and IL-23/Th17 staining, 
showing Th17 skewing prominently in advanced PBC patients [19].

9.2.2  HLA Associations

The human leukocyte antigen (HLA) region, located on the most gene-dense 
genomic region on the short arm of chromosome 6, plays an essential role in many 
medically and biologically relevant processes, including most autoimmune dis-
eases. The relevant genes encode cell surface proteins involved in the binding and 
presentation of self and non-self-peptides corresponding to HLA class I (A, B, and 
C) and class II (DR, DQ, and DP). Among the single nucleotide polymorphisms 
(SNPs) reported to be associated with PBC susceptibility in large-scale genetic 
studies, only HLA has been consistently linked to the disease between the different 
patient cohorts across ethnicities [20–29]. Particularly, these studies have shown 
that the peak association signal is between HLA DQA1 and DQB1.

Initial studies linked DR*08 allele group with susceptibility to suffer for PBC 
[30]. Subsequent cumulative studies of a much larger sample of PBC have demon-
strated that the disease is associated with DRB1*08 and DRB1*02 as predisposing 
and DRB1*11 and DRB1*13 as protective alleles [31, 32]. A more recent meta- 
analysis performed with the aim to observe relationships between HLA class II and 
susceptibility to PBC found that HLA DR*07 and DR*08 alleles were risk factors, 
while DR*11, DR*12, DR*13, and DR*15 alleles were protective [33]. Notably, 
most of the associated amino acids are almost unique to the specific HLA classical 
allele and correspond to crucial residues in the antigen-binding pocket.

Regarding the HLA haplotype association with susceptibility to PBC, it has been 
noticed in several studies across ethnicities that HLA DR*08 alleles caused disease 
susceptibility, whereas DRB1*11 and DRB1*13 were protective alleles in haplotype 
analysis [31, 34–36]. Interestingly, both DRB1*11 and DRB1*13 have also been 
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associated with different infectious diseases, such as hepatitis C [37], human immu-
nodeficiency [38], and human papilloma [39] viruses. Thus, pathogenic mecha-
nisms involved in PBC may be partially related to those of bacterial infection, as the 
mentioned HLA class II protective alleles play a critical role in blocking infectious 
pathogens. Nevertheless, the proportion of individuals carrying the mentioned hap-
lotypes constitute only a minority of PBC patients, evidencing that many other non- 
HLA genes, as well as environmental factors, should play an important role in the 
pathogenesis of the disease.

9.2.3  Non-HLA Associations

The key fact that enforces the importance of non-HLA associations in genetic pre-
disposition to PBC is that mainly between 80 and 90% of patients do not carry the 
most common HLA susceptibility alleles. In this regard, other genes are suggested 
to contribute to disease development. GWASs are the most common tool utilized to 
identify genetic susceptibility loci among different diseases. At the present time, six 
GWASs [20, 21, 23, 24, 28, 29], two Immunochip studies [25, 26], and two meta- 
analyses [22, 27] have successfully identified 44 non-HLA loci associated with 
PBC susceptibility. These investigations have been performed in subjects with PBC 
and controls from North American, European, and Japanese populations. Table 9.1 
summarizes the main genetic associations outside the HLA region.

The first GWAS, performed in Canadian population, identified two principal sus-
ceptibility loci, interleukin (IL)12A and IL12RB2, which encode IL-12 p35 and 
IL-12 receptor β2, respectively [20]. Additional fine-mapping Immunochip studies 
identified a particular five-allele haplotype of the IL12A gene as a susceptibility fac-
tor for PBC [25]. These efforts started bringing to light the IL-12 signaling pathway, 
which is of key importance in the pathophysiology of PBC. Two subsequent GWAS, 
that used US, Italian, and Canadian subjects, confirmed the previous susceptibility 
loci and identified three additional associations, including SPIB, IRF5-TNPO3, 
IKZF3, and MMEL1 [21, 22]. IRF5, an interferon regulatory factor induced by 
IFNγ, plays a particularly important role in generating Th1 type responses, while 
SPIB is involved in T-cell lineage decisions [21]. These three genes are directly 
involved with immunomodulation [22]. A larger GWAS including 1800 cases and 
5000 controls from the UK identified 12 additional loci associated with PBC (being 
DENND1B, STAT4, CD80, NFKB1, IL7R, CXCR5, TNFRSF1A, and CLEC16A the 
most outstanding) at the genome-wide significance level (p < 5 × 10−8) as well as 
confirmed previous associations at least at the suggestive significance level 
(p < 1 × 10−5) [23]. Some interesting findings emerged from this study, as CD80 is 
an inducible co-stimulatory molecule on antigen-presenting cells, and a deficiency 
in this transmembrane glycoprotein results in reduced humoral response to immuni-
zation [40]. On the other hand, the activation of TNFRSF1A, which encodes a 
member of the tumor necrosis factor family of receptors, can cause apoptosis 
through activation of NF-κB [41]. Notably, apoptosis is one of the main traits related 
to AMA in PBC patients [15]. A subsequent GWAS performed in Japanese 
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population showed two novel risk loci associated with PBC, TNFSF15, and 
POU2AF1 genes [24]. In addition, a GWAS recently performed in Chinese popula-
tion confirmed a high association between TNFSF15 and PBC [29]. Nevertheless, 
some discrepancies were found between non-HLA loci associated with PBC in 
European and Asian ancestry populations. In this respect, IL12A and IL12RB2 loci 
were associated only in Caucasian population. These findings help to highlight the 
importance of ethnic differences in the pathogenesis of the complex disease and 
how common genetic variation can impact in a different way the susceptibility to 
PBC. Another critical point is the performance of stratified analysis attending to 
different clinical traits, which leads to the discovery of specific associations. In this 
regard, a recently published study performed in Japanese population found that 
NELFCD and CTSZ loci are associated with jaundice-stage progression, a trait that 
affects approximately 10–20% of PBC patients [42]. CTSZ is a cathepsin that regu-
lates various cellular physiological functions, such as migration, invasion, and mat-
uration of immune cells [43].

Additionally, two Immunochip studies found three new loci associated with 
PBC: SH2B3, MAPT, and TYK2 [25, 26]. Interestingly, SH2B3 represent a shared 
autoimmune disease locus, and the protein encoded, Lnk, is involved in many cyto-
kine signaling pathways as well as in the negative regulation of T-cell activation 
[44]. In this line, in vivo studies performed in mice models showed that deficiency 
in SH2B3 resulted in higher levels of activated T cells and a tendency to autoim-
munity [45].

It is of particular interest that many genes implicated in PBC pathogenesis have 
also been reported in many other autoimmune diseases, such as systemic sclerosis 
(SSc), systemic lupus erythematosus (SLE), or rheumatoid arthritis (RA) [46]. For 
example, SNPs within the STAT4 locus have been associated with increased risk of 
SLE and RA [47], among others. Another good example could be NF-κB, a tran-
scription factor activated in several autoimmune diseases that coordinates the 
expression of a wide variety of genes involved in immune response [48]. Notably, 
one-third of patients with PBC are affected by another autoimmune disease [49]. 
Hence, we can conclude that the genetic overlap between PBC and other autoim-
mune diseases is evident and emphasizes that there are few disease-specific genetic 
associations in PBC. In this line, understanding the mechanisms underlying such 
diseases may unravel crucial information in the pathophysiology of PBC.

9.3  Primary Sclerosing Cholangitis

9.3.1  Immunopathology of PSC

PSC is a chronic liver disease marked by biliary infiltration leading to fibrosis of 
bile duct structures and recurrent cirrhosis and cholestasis [2]. One of the hallmarks 
of this condition is that PSC is closely associated with inflammatory bowel disease 
(PSC-IBD) in 50–80% of cases [50]. Biliary infiltrates are mostly composed of 
activated memory or effector T cells, but also B cells, macrophages, and natural 
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killer cells are included [51]. In addition, these T cells and B cells can be detected 
in other tertiary lymphoid structures as PSC is associated with portal-associated 
lymphoid tissues, leading to portal inflammation and the development of neolym-
phoid tissue in the liver [52].

Effector lymphocytes activated during an inflammatory process in the colon can 
express homing receptors that may direct migration to the liver and gut [53]. In this 
line, after an inflammatory process, mucosal lymphocytes are recruited via the endo-
thelial adhesion molecule MADCAM1 and the chemokine CCL25, which are mostly 
specific from colon [54–56]. This aberrant overexpression of MADCAM1 and 
CCL25 can result from the combination of hepatic inflammation, which course with 
high levels of tumor necrosis factor α (TNFα), and the activation of the vascular 
adhesion protein 1 (VAP1) by bacterial or dietary antigens. Activation of endothelial 
VAP1 in portal blood leads to activation of NF-κB, which is of key importance in 
autoimmune process, as well as an increased expression of MADCAM1 and recruit-
ment of α4β7+ T cells [57, 58]. The implication of MADCAM1 and CCL25 in colon 
inflammatory processes set the basis for the recruitment of effector cells to the liver 
and bowel in PSC.

9.3.2  HLA Associations

HLA region is implicated in nearly every immune-mediated disorder. Early reports 
along with current large-scale association studies confirm that HLA region is the 
strongest genetic association reported in PSC-IBD patients [59, 60], together with 
PBC and many other autoimmune diseases. Subsequent fine-mappings of the HLA 
locus have identified HLA B*08 (HLA class I) and DRB1 (HLA class II) as the main 
risk alleles in PSC-IBD [61]. Both HLA B*08 and DRB1 are associated with many 
immunopathological diseases such as SLE, diabetes mellitus (DM), and common 
variable immunodeficiency (CVID) [62], supporting the fact that breakdown of 
immune tolerance could lead to autoimmune hepatobiliary destruction. However, 
despite these HLA alleles are shared between many immune conditions, most of the 
HLA associations found in PSC are different from those in IBD, with the exception 
of the HLA DRB1*15:01 allele [63], evidencing genetic differences in HLA region 
among these two conditions.

Regarding HLA haplotypes associated with PSC, the A*01:01-C*07:01- B*08:01-
DRB3*01:01-DRB1*03:01-DQA1*05:01-DQB1*02:01 and the DRB1*13:01-
DQA1*01:03-DQB1*06:03 are the two most prominent risk HLA haplotypes [64, 
65]. On the other hand, the DRB1*04-DQA1*03-DQB1*03 haplotype represents the 
most consistently observed protective association with PSC [61, 64–67]. Nevertheless, 
a recently published study revealed different proportion in HLA-DQB1*06:03 allele 
between European and admixed/non-European PSC population carrying haplotypes 
containing the HLA-DRB1*13:01 allele [68]. Therefore, the study of multiethnic pop-
ulations could lead to the identification of causative alleles in PSC-associated haplo-
types. Further to this point, many challenges of interpreting the HLA findings in PSC 
must be overcome to obtain insights that point toward key antigenic triggers.
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9.3.3  Non-HLA Associations

Over the last years, GWAS and high-throughput targeted genotyping arrays have 
identified a total of 23 non-HLA loci associated with susceptibility and progression 
of PSC-IBD reaching the genome-wide level of significance [65, 69–77] (Table 9.2). 
The majority of genes within these loci relate to immune pathways that have been 
previously identified as risk loci in other immune disorders [78].

MST1-BCL2L11 was one of the first observed loci associated with PSC suscepti-
bility. Interestingly, the MST1 gene encodes a macrophage-stimulating protein 
expressed at high levels in the gallbladder epithelium, being a candidate gene associ-
ated with both PSC and IBD [70]. On the other hand, BCL2L11 encodes a protein 
that is crucial for maintaining immunological tolerance through T-cell apoptosis 
[79]. Subsequent fine-mapping studies confirmed previous associations and found 
one new risk locus reaching genome-wide significance level, the IL2RA locus [72]. 
Of note, genetic variants at IL2RA locus are associated with other autoimmune dis-
eases, such as RA, DM, and psoriasis [80], and additionally, spontaneous mutation 
of this gene in human can cause systemic autoimmunity and multi-organ inflamma-
tion [81]. The IL2-IL21 locus showed suggestive association with PSC [72]. However, 
it is considered a general autoimmune risk locus as the IL-2 cytokine plays a crucial 
role in modulating the immune response by promoting T-cell activation, as well as 
maintaining homeostasis of T regulatory cells [82]. A subsequent larger GWAS 
including 1900 PSC cases and 6400 controls identified one new susceptibility region 
reaching the genome-wide significance level, the MMEL1- TNFRSF14 locus, repre-
senting the first genetic overlap between PSC and PBC [21]. It is noteworthy to men-
tion that the SNP associated showed opposite effect sizes in PSC and PBC [21, 71], 
highlighting MMEL1 as a relevant candidate gene in the immunopathology of AILDs.

Due to the high concomitance of IBD in PSC patients, as well as the shared 
genetic component of most autoimmune conditions, researchers started performing 
association studies including more than one trait, in order to identify shared suscep-
tibility loci between different diseases. In this line, Ellinghaus and colleagues per-
formed the first GWAS including PSC and ulcerative colitis (UC) patients, 
identifying GPR35 and TCF4 as risk loci independently associated with both dis-
eases [73]. TCF4 encodes a transcription factor involved in cell differentiation and 
growth; furthermore, its deficiency leads to a block in T-cell and B-cell development 
in mice model [83]. On the other hand, the exact functions of GPR35, which belongs 
to the G-protein-coupled receptor family, are not known. Nevertheless, it has been 
shown to function as a receptor of kynurenic acid, whose concentrations are high in 
bile and intestinal contents and increase during inflammation [84]. In addition, path-
way analysis showed that the majority of loci shared between PSC and UC involve 
genomic regions that regulate innate and adaptive immune system [85]. Further 
dense genotyping of immune-related disease regions identified nine new risk loci 
for PSC, distinguishing PRKD2, SIK2, and HDAC7 [74]. Particularly, the histone 
encoded by the HDAC7 gene has been implicated in the negative selection of T cells 
in the thymus [86]. Notably, when T-cell receptors are engaged, the protein kinase 
PRKD2 phosphorylates HDAC7, leading to nuclear exclusion of HDAC7 and thus 
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resulting in negative selection and apoptosis of T cells [87]. Furthermore, this nega-
tive selection involves Nur77, an important transcription factor in leukocytes that is 
regulated by SIK2 [88]. A posterior analysis of five chronic inflammatory diseases 
including PSC, UC, Crohn’s disease (CD), psoriasis, and ankylosing spondylitis 
identified four new risk loci associated with PSC (CCL20, NFKB1, RIC8B, and 
CLEC16A) [75]. All of these four loci have been previously associated at least with 
one of the five diseases included in the meta-analysis, highlighting the profound 
pleiotropy shared between these chronic inflammatory conditions.

Finally, it is noteworthy to mention the importance of performing stratified anal-
yses in order to identify genetic associations related to a specific feature. In this 
regard, one recently published study identified variants in the RSPO3 loci associ-
ated with disease progression in PSC [77]. For liver transplant-free survival, authors 
demonstrated the differential expression of RSPO3, a member of the R-Spondin 
protein family, in key liver-resident effector cells.

9.4  Autoimmune Hepatitis

9.4.1  Immunopathology of AIH

AIH is a typical chronic autoimmune-mediated liver disease characterized by an 
increased serum IgG level and the emergence of autoantibodies, such as anti-smooth 
muscle antibodies (ASMA) and antinuclear antibodies (ANA) by chronic inflamma-
tion of the liver [89–91]. The presence of interface hepatitis with a marked infiltration 
of lymphocytes and plasma cells is typically observed in most of the cases [92]. This 
condition develops based on immune tolerance against hepatocytes and the consequent 
immune response [93]. In this regard, pathogenesis of AIH is mainly driven by acti-
vated autoreactive T cells [94]. Regulatory T cells suppress these autoreactive T cells 
under normal conditions; however, when this mechanism is disrupted, immune toler-
ance disturbances appear. The reduction of regulatory T cells and the subsequent 
TGF-β production in the setting of AIH lead to an increased production of IL-6. This 
IL-6 production results in Th17 induction; indeed, an increased number of intrahepatic 
Th17 cells and higher IL-17 levels have been reported in AIH patients [95]. Thus, this 
regulatory T/Th17 cells’ balance emerges as a key factor in AIH pathogenesis [96].

On the other hand, innate immunity also plays an important role in AIH patho-
genesis, as viral infection and drugs are the most common environmental factors 
associated with the onset of AIH [97, 98]. It has been suggested that these microor-
ganisms and drug metabolites could disrupt immune tolerance to self-antigens 
through toll-like receptors (TLRs) expressed on hepatocytes [99].

9.4.2  HLA Associations

HLA serology was studied extensively in AIH patients since 1980. The first associa-
tion observed was performed in northern European populations and corresponded to 
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the A1-D8-DR3 haplotype [100]. Apart from the DR3 antigen, DR4 was found to be 
a secondary antigen and was linked to AIH onset in Japan [101].

A number of studies have been published on HLA risk alleles due to the advent 
of HLA typing by PCR methods. In this regard, AIH was associated with the 
DRB1*04:04 and DRB1*04:05 alleles in Japanese [102], Mexican [103], and 
Korean [104] populations. In European populations, the DRB1*03:01 and 
DRB1*04:01 alleles were the strongest associations reported in AIH [105, 106]. 
Furthermore, these two HLA associations were confirmed by the first and only 
GWAS performed in AIH patients to date, in which DRB1*03:01 and DRB1*04:01 
alleles represented the strongest associations in northern Europeans [107]. In Latin 
American populations, the DRB1*13:01 allele was associated with susceptibility 
to AIH [108, 109]. On the other hand, several investigations have also described 
protective alleles for AIH, highlighting the DRB1*15:01 allele in Japanese and 
North American populations [102, 106]. Regarding the HLA haplotype analysis, 
DRB1*04:05-DQB1*04:01 was associated with susceptibility to AIH in Japan 
[102] and Korea [104], while DRB1*15:01-DQB1*06:02 conferred resistance in 
the Japanese population [102]. In Caucasian population, both DRB1*03:01- 
DQB1*02:01 and DRB1*04:01-DQB1*03:02 have been identified as risk haplo-
types, while DRB1*15:01-DQA1*01:02-DQB1*06:02 acts as a protective 
haplotype [106]. However, despite the number of HLA associations identified in 
AIH through different populations, the mechanism underlying these associations is 
not clearly elucidated. In this regard, the study of the amino acids that form the 
binding pockets in the HLA molecule could help interpreting the HLA findings in 
AIH.  For example, the DRB1 association with AIH could be explained by the 
amino acid motifs in the corresponding antigen-presenting grooves, and, in fact, a 
model based on lysine at position 71 of the DRβ polypeptide has been proposed in 
Caucasian patients with AIH [110].

9.4.3  Non-HLA Associations

Unlike PBC and PSC, in which many GWAS and fine-mapping studies have 
identified a number of associated genes, only one large-scale genetic study has 
been performed in AIH patients [107]. de Bore et al. performed the first multi-
center GWAS on AIH predisposition in Dutch and German patients, identifying 
SH2B3 and CARD10 as susceptibility loci in AIH.  As mentioned before, the 
gene product of SH2B3, also known as LNK, has a key role in many cytokine 
signaling pathways as well as in the inhibition of T-cell activation [44]. The 
association of this locus with AIH was recently confirmed in a candidate gene 
study performed in a Japanese cohort [111]. SH2B3 also became the first locus 
associated with the three AILDs, representing a key target in the pathogenic 
process of liver autoimmunity. In addition, a suggestive associated variant was 
identified close to the CARD10 gene, which encodes for a scaffold protein that 
induces proinflammatory NF-κB activation and, interestingly, is widely 
expressed in hepatocytes [112].

9 Primary Biliary Cirrhosis, Primary Sclerosing Cholangitis, and Autoimmune Hepatitis



176

On the other hand, many candidate gene studies have successfully identified sus-
ceptibility loci in AIH.  In this regard, a polymorphism of the CTLA-4 gene was 
associated with increased incidence of AIH in Caucasian population [113]. This 
locus is of particular interest as the switching from immune activation to immune 
memory occurs through the upregulation of CTLA-4 on CD25+ T cells [114]. 
Polymorphisms of the tumor necrosis factor-receptor superfamily (TNFRSF) gene 
have also been associated with susceptibility to AIH onset in Japanese population 
[115]. Furthermore, TNIP1 (TNFAIP3-interacting protein 1) locus was recently 
associated with AIH in a Japanese cohort [116], thus evidencing the importance of 
the TNF signaling pathway in the pathogenesis of AIH [117].

9.5  Conclusions

There is a clear genetic component to disease risk in each of the AILDs. These 
three conditions also have a critical environmental input, and the interaction 
between genetic and environmental component of AILDs is still unknown. Until 
recently, risk HLA haplotypes were the only genetic factor identified in these dis-
eases, which were insufficient to explain most of the disease heritability. However, 
during the last years, we have considerably increased the knowledge of the immu-
nopathological mechanisms behind AILDs. These developments were possible 
thanks to the appearance of the new technologies for the genetic analysis and 
establishment of large international consortia. In this line, GWAS and analogous 
chip-based studies, such as the Immunochip, as well as the performance of fine-
mapping studies have increased our knowledge of a relatively large number of 
variants associated with susceptibility to PBC and PSC and are also starting to 
unravel the genetic component of AIH.

Nevertheless, despite the multiple genetic associations described to date, there 
is a long way ahead before reaching a complete knowledge of the genetic risk in 
hepatic autoimmunity. In this regard, deficiencies in GWAS methodology in 
detecting rare variants, along with the relative ignorance of the environmental and 
epigenetic component of these diseases, could be limiting our comprehension 
from the genetic point of view. Thus, further studies including larger samples 
sizes, sequencing- based approaches able to detect rare variants, as well as the 
investigation of epigenetic influence would be of great interest. In addition, future 
investigation of the shared genetic component could help to elucidate common 
pathways in the pathogenesis of the three AILDs. Thus, a cross-disease meta-
analysis of GWAS data of PBC, PSC, and AIH could be a successful initial 
approach that overcomes the small sample size issue. Nevertheless, almost all 
genetic studies of AILDs are performed in Caucasian populations, which could be 
masking new specific genetic associations in other ethnicities. Therefore, future 
genetic studies will need to proceed with an accurate examination of environmen-
tal influences and epigenetics interactions, as well as considering genomes dis-
tinct from Caucasian populations.
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10.1  Introduction

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system. It 
was defined for the first time as “la scléroseen plaques” by Jean-Martin Charcot in 
1868, and in the 1960s it was called multiple sclerosis (MS), as we know it today [1]. 
The disease classically manifests in fully or partially reversible episodes of neuro-
logic disability, and approximately 15% of patients have a progressive course from 
onset [2]. The clinical course of MS is highly variable, ranging from individuals 
showing occasional sensory nuisance to patients with fulminant course and death 
within months after disease onset [3]. It is diagnosed in most of the cases between 30 
and 40 years of age, and it is almost three times more frequent in women than men.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-03934-9_10&domain=pdf
mailto:pulgoso@ipb.csic.es
mailto:mfedez@ipb.csic.es
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10.2  Epidemiology and Family Aggregation of MS

MS affects around 2.3 million people worldwide with very different incidence and 
prevalence among human populations [4]. MS risk varies within the same geographi-
cal region across racial and ethnic groups. The global median prevalence reported by 
World Health Organization (WHO) in 2013 was 33 per 100,000 [5]. The worldwide 
MS prevalence has increased in the last few years even in regions considered of low 
incidence. It is not clear if this increase can be due to better diagnosis and reporting, 
lifestyle changes, or environmental factors [6–8]. Familial contribution to MS etiol-
ogy is recognized. Since the first systematic family study in MS in 1933 [9], many 
others have been performed. The familial recurrence rate is about 15% and is higher 
as it increases the closeness between relatives with around 35% in monozygotic 
twins [10]. The epidemiological studies have implicated an interplay between genetic 
and environmental factors in the etiology of MS and suggested that it is a complex 
trait in which susceptibility is determined by several genes [11].

10.3  Human Leukocyte Antigen

The fist genetic factors identified associated with MS were variants within the major 
histocompatibility complex (MHC). This region is located on the short arm of chro-
mosome 6 and contains, among others, the human leukocyte antigen (HLA) genes 
[12]. The first studies that associated HLA variants with MS were published in 1972 
[13, 14]. They localized these variants at HLA-class I region in A and B genes. 
Subsequently, it was determined that the class I alleles associated with MS were part 
of the extended class I and class II haplotypes and that the main signal was located at 
class II region where DR and DQ genes are encoded [14]. The specific haplotype 
associated with MS was determined as HLA-DRB1*15:01-DQB*06:02 and, at that 
time, it was estimated to explain about 25–35% of the genetic component of MS [15, 
16]. Many studies using fine mapping techniques and large MS populations have 
identified the genes and alleles responsible for the MS association in the HLA locus. 
The more prominent risk allele in MS is HLA-DRB1*15:01, which, in addition, has 
been associated with disease severity [15]. Over 30 additional independent allelic and 
genetic associations within the extended MHC region have been identified as HLA-
DRB1*03:01, HLA-DRB1*13:03, HLA-DRB1*08:01, and HLA-DQB1*03:02, at 
the class II DR and DQ loci or HLA-A*02:01, HLA- B*44:02, HLA-B*38:01, and 
HLA-B*55:01 at HLA-class I region [17–20]. Despite the significant effort made to 
understand the variation of HLA in MS cohorts comprising many thousands of indi-
viduals, the role of MHC in the pathogenesis of the disease is not fully understood.

10.4  History of the Search for the Genetic Basis of MS

Although the strongest genetic risk factor is within the HLA, it does not explain the 
totality of the genetic contribution to MS susceptibility. Important efforts have been 

A. Alcina et al.
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made to determine additional loci. The identification of the risk loci in MS, as for 
other traits, has been conditioned to the development of new genotyping and sequenc-
ing techniques, as well as the advancement of knowledge of the human genome.

The success identifying variants at the MHC made believe that non-MHC loci 
would be easy to find. However, this led to decades of frustration in which many loci 
have been pinpointed using linkage or candidate gene approaches, but few of them 
have been undeniably established as susceptibility loci.

Whole-genome screens for linkage based on around 100 MS sib pairs using 300–
400 microsatellites were published by independent groups from the UK, the USA, 
and Canada [21–23]. Posterior studies, in a total of nine populations, were per-
formed in families, but none of them identified any statistically significant linkage. 
Meta-analysis combining all these studies confirmed genome-wide significance just 
in the HLA region [24].

In order to solve the design problems of the previous approaches, the International 
Multiple Sclerosis Genetics Consortium (IMSGC) performed a larger study with 
denser map of SNPs in 730 multiplex families from Australia, Scandinavia, the 
USA, and the UK [25]. However, once again, only MHC region reached statistical 
significance. Despite the apparent failure of these studies, they provide useful guid-
ance concerning the size of effects of MS susceptibility loci as well as the size of the 
cohorts needed for this type of analysis.

Candidate gene approach was the most common strategy for identification of 
susceptibility genes until 2007. However, most of these studies lacked reproduc-
ibility due to low power and low density of markers used. Some associations identi-
fied by this approach were validated in posterior studies as these reported at IL2RA 
[26] and IL7R [27, 28] loci, while others were discarded in well- powered studies as 
APOE [29].

10.5  Genome-Wide Association Studies in MS

The last decade has been very fruitful in identifying loci associated with MS, thanks 
to the use of the genome-wide association studies (GWASs), a hypothesis-free 
method that provides almost total coverage of common variants of the genome by 
tagging the genetic variants through linkage disequilibrium (LD). In 2007, the first 
GWAS in MS analyzing 334,923 SNPs in 931 family trios was published [30]. 
Although it is one of the most cited works in genetics of MS and with important 
posterior repercussion, at first it was a little bit disappointing, since just two modest 
risk effects at IL2RA and IL7RA genes were reported, loci that were already known 
to be associated with MS by candidate gene strategy [26–28]. However, meta- 
analysis and validations identified a total of 15 associations including the regions of 
CD6, IRF8, TYK2, IL12A, RGS1, and TNFRSF1A [31–33]. A total of 12 GWASs 
have been performed to determine the MS susceptibility loci (Table 10.1). Some of 
these studies were done in very small cohorts but most of them with large popula-
tions, finding new MS-associated loci or validating other previously reported. Meta- 
analysis of several of these GWAS combining 47,351 MS subjects and 68,284 
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control subjects establishes a reference map of the genetic architecture of MS that 
includes 200 autosomal susceptibility variants outside the MHC, one chromosome 
X variant, and 32 independent associations within the extended MHC [34, 35]. The 
effects of the associated variants have odds ratios (ORs) ranging from 1.06 to 2.06 
and the allele frequencies of the respective risk allele from 2.1% to 98.4% in the 
European population. The estimation heritability, including all associations 
described, ranges between 20 and 30%, most of it assigned to the MHC region [35]. 
Therefore most of the heritability in MS is still to be revealed, and the focus of 
attention is being placed on genetic interactions between known variants, rare vari-
ants, disease heterogeneity, gene-environment interactions, and epigenetic effects.

Rare variants, unique to specific families or disease conditions, that strongly pre-
dispose an individual to MS are a field of intense investigations at this moment. It is 
being addressed by exome sequencing in families or very large populations, but the 
results reported until now have not led to the identification of new variants or robust 
results [36–38].

MS heterogeneity is observed in onset, clinical manifestations, evolution, or treat-
ment response, and these aspects have to be addressed to determine if this phenotypic 
diversity responds to genetic differences. Most of the GWASs performed in MS sus-
ceptibility did not take into consideration this heterogeneity in order to collect large 
populations to obtain a high statistical power. However, the dilution of the genetic 
effects due to the mixture of disease forms with different genetic origin could explain 
the low odds ratio of the variants identified by GWAS as well as being responsible of 
part of the “missing heritability” of the disease. Some studies have addressed the 
heterogeneity of the disease stratifying the patients using different criteria as inter-
feron beta (IFNB) response, one of the most common treatments for MS, disease 
severity, age of onset, or oligoclonal band status (OCBs) (Table 10.1). Using this 
approach it has been determined that variants associated with immunoglobulin G 
(IgG) index account for up to two fold differences in the odds of being MS OCB 
positive [39]. The presence of OCBs and high IgG levels in the CSF of MS patients 
is considered the principal biomarker of the disease since more than 90% of MS 
patients exhibit OCBs in the CSF [40].

The next generation of genetic studies in MS will, probably, focus to define the 
genetic variants’ underlying disease heterogeneity to better understand its etiology 
and use the individual information to approach personalize treatment options and 
follow-up of the disease.

10.6  Common Genetic Component with Other Autoimmune 
Diseases

Autoimmune diseases have been observed to coexist within individuals and within 
families [41], and for many years, it was suspected that they shared etiological simi-
larities. Evidences came from the genetics in which have been demonstrated that 
most of the recently identified autoimmunity loci are shared among multiple auto-
immune diseases. In fact many genetic studies using candidate gene approach have 
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used the criteria of loci associated with other autoimmune disease to select the vari-
ants to be analyzed. This is the case of variants at IRF5 which were firstly associated 
with systemic lupus erythematosus (SLE) [42] and later with MS [43]. Similarly, 
IL2RA was associated with type 1 diabetes (T1D) [44] and then with MS [26]. 
However, the more important evidences of the overlap in the genetics underlying 
susceptibility to autoimmune diseases came from the GWASs in different diseases 
[18, 45, 46]. A collaborative effort toward the identification of the common genetic 
bases of the autoimmune diseases was the “Immunochip” project. The Immunochip 
Consortium developed a 200,000 SNP chip to provide cost-effective genotyping of 
common and rare variants to fine-map 184 non-MHC loci with genome-wide sig-
nificant associations to at least one autoimmune disease [47]. A large cohort of 
14,498 MS subjects and 24,091 healthy controls were analyzed identifying 48 new 
susceptibility variants and 49 previously known MS risk loci [48]. Interestingly, 
some loci associated with two or more diseases revealed heterogeneity of risk vari-
ants and alleles. This was the case observed in MS and T1D at the IL2RA locus in 
which one associated variant had a risk effect in one disease and protective in the 
other, suggesting different roles of IL2RA in these two diseases [49, 50].

10.7  Causal Variants of the MS Associations and Their 
Functional Effects

Definition of the loci associated with MS is the first step toward the identification of 
the genes, biological functions and pathways altered in the pathology of 
MS.  However, this is not an easy task; most associated variants do not produce 
protein-coding changes, suggesting that they must be altering regulatory regions. 
The signals detected by GWAS are tags representing LD blocks, composed of vari-
able number of SNPs that can be located thousands of bases away from the detected 
signal; thus assigning the closest gene to the most significant independent effect of 
a locus as the causative candidate, as was done in the earlier studies, is not a valid 
approach. In addition, risk variants located in cis-regulatory elements can act at long 
distances, and their target gene may not be the one closest to the GWAS-detected 
variant. Fine-mapping through tag-SNP analysis and re-sequencing of the associ-
ated loci, together with functional studies of the variants by experimental or in silico 
analysis, are the approaches used toward the identification of the causal genes of the 
associations.

Expression quantitative trait loci (eQTL) has been a powerful tool to identify MS 
risk variants that are associated with changes on expression level of genes [51]. 
Several MS-associated variants are eQTLs, for example, rs10877013, which alters 
the enhancer activity of a regulatory element reducing the expression of the 
CYP27B1 gene. It encodes the enzyme responsible for the vitamin D activation, 
affecting the function of vitamin D system [52–55]. Increased levels of TNFSF13B 
messenger RNA due to its degradation resistance by microRNA have been reported 
as the mechanism by which an insertion-deletion variant associated with MS alters 
the function of the BAFF protein encoded by TNFSF13B gene [56]. Splicing 

A. Alcina et al.



193

alteration can also influence gene expression, as it is described for rs28445040. This 
variant associates with decreased expression of the full-length RNA isoform of 
SP140 due to exon 7 skipping [57]. Rs6897932, located within the exon 6 of the 
IL7R gene, disrupts exon splicing silencer altering the amount of soluble and mem-
brane-bound isoforms of the protein [27]. Other variant associated with MS which 
produces splicing alterations is rs1800693, a SNP located next to the splicing donor 
of the exon 6 of TNFRSF1A which directs the expression of a soluble form of 
TNFR1 [58]. The truncated soluble isoform of TNFR1 was identified in peripheral 
blood mononuclear cells (PBMC) from patients carrying the risk allele of rs1800693 
variant and is affecting the magnitude of monocyte responses to TNF-α [59, 60].

Several strategies have been developed to determine the gene altered by an asso-
ciated variant that is located distance away from the causal variant. One of these is 
the definition of insulator elements bound by CTCF which allowed to determine 
that the variants associated with MS located within the EVI5 gene are actually 
affecting the adjacent gene GFI1 [61]. However, this seems to be not the only effect 
associated with MS in this locus. Recently, it was reported that a nonsynonymous 
variant, strongly associated with MS, induces changes in superficial hydrophobicity 
patterns of the coiled-coil domain of EVI5 protein, which, in turn, affects the EVI5 
interactome [62].

Despite the important advance in the understanding of the genetics of MS, key 
challenges are ahead of us such as the determination of genes altered by the 200 
variants associated with MS, for which we have functional evidence for only some 
of them, and unravel the missing heritability, not completely detected by GWAS 
carried out until now. Network analysis of GWAS data addresses these issues [63]. 
Strategies focused on the overrepresentation of genes at the associated loci in gene 
ontology (GO) or KEGG pathways [64] or protein–protein and protein–DNA inter-
actions have been used to approach these problems. Network-based pathway analy-
sis of two GWASs in MS, combining data on genetic associations with evidence for 
protein-protein interactions, obtained overrepresentation of subnetworks of genes 
from several immunological pathways as well as neural pathways, namely, axon 
guidance and synaptic potentiation [46]. The IMSGC performed a protein-interac-
tion-network-based pathway analysis (PINBPA) on two large genetic MS studies 
comprising a total of 15,317 cases and 29,529 controls [65]. The GO analysis of the 
MS risk genes identified networks of leukocyte activation, apoptosis, and positive 
regulation of macromolecule metabolic process [66].

10.8  Conclusion

From the first discovery of the HLA-association with MS until now, we have come 
a long way in the study of the genetics of MS. During this journey, full of successes 
and failures, we have determined more than 200 loci that independently contribute 
to disease pathogenesis, we have better defined the HLA variants and their relation 
with the MS, and we begin to unravel gene-gene and gene-environment interactions 
underlying MS.  However, we have important challenges ahead of us as the 
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contribution of the genetics to MS complexity, evolution, brain atrophy, and treat-
ment response. But, perhaps, the most important challenge that we face is to inte-
grate all these new knowledge into medical practice for a better diagnosis, prognosis, 
and treatment.
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11.1  Introduction

Myasthenia gravis (MG) is an organ-specific autoimmune disease mediated by auto-
antibodies against different components, mainly to the nicotinic acetylcholine recep-
tor (AChR), of the neuromuscular junction (NMJ) [1–3]. Patients experience muscular 
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fatigability due to the presence of antibodies which inhibit signal transduction across 
the NMJ. An annual incidence of 8–10 cases and a prevalence of 150–250 cases per 
one million are reported [4]. Although the disease pathogenesis has been elucidated 
relatively well, the mechanism of induction of the immune response is not known. 
Thymic abnormalities are frequently observed, and the involvement of T cells is sug-
gested in the disease pathogenesis [5]. Acquired or autoimmune MG, characterized by 
autoantibodies, is a heterogeneous disease with respect to age at disease onset, clinical 
presentation, sex distribution, autoantigens at the NMJ [6, 7], as well as pathogenic 
mechanisms including genetic risk factors and associated thymic pathologies [8]. 
Congenital MG and juvenile MG are not covered in this chapter.

11.1.1  MG Associated with Anti-AChR Antibodies (AChR-MG)

The most prevalent MG subtype is due to autoantibodies against the muscle-type 
AChR [9]. In 80–85% of patients, pathogenic antibodies directed against AChR 
cause the disease. AChR-MG shows a wide spectrum of clinical findings from pure 
ocular to generalized MG symptoms. Even AChR-MG is heterogeneous, and sub-
groups are distinguished [10].

11.1.1.1  Early-Onset (EOMG) and Late-Onset (LOMG) MG 
with AChR Antibodies

Among patients who have MG with AChR antibodies, the age at onset has a bimodal 
pattern [11]. Patients with EOMG have onset of their first symptom before age of 
50 years. Thymic follicular hyperplasia with lymphoid follicles and germinal cen-
ters is the key pathogenic finding and supports an intrathymic initiation of EOMG 
[12]. Female cases outnumber male cases by three to one [4].

Patients with LOMG have their first onset of symptoms after age of 50 years, and 
thymic hyperplasia occurs only rarely, whereas thymic atrophy is characteristic of 
late-onset disease. The disease is slightly more frequently reported in males than 
females [13].

11.1.2  Thymoma-Associated MG (TAMG)

In about 10–20% of patients, MG is associated with thymoma, typically with gen-
eralized muscle involvement in elderly patients with no sex bias. TAMG is com-
monly accompanied by additional autoimmune diseases [8, 14]. With rare 
exceptions, TAMG patients have antibodies to the AChR. The spectrum of autoan-
tibody targets in patients with TAMG can be much broader.

11.1.3  Muscle-Specific Kinase (MuSK)-Associated MG (MuSK-MG)

MuSK is a protein expressed in the postsynaptic muscle membrane that is necessary 
to maintain AChR function. In about ~5% of MG patients, antibodies against MuSK 

G. Saruhan-Direskeneli and A. H. Sawalha



205

are detected [15–17]. MuSK-positive patients have a severe form of the disease with 
common muscular atrophy and predominant involvement of cranial and bulbar 
muscles. No thymus pathological changes are reported [13, 18].

11.1.4  Other Subgroups

MG due to autantibodies against the low-density lipoprotein receptor-related pro-
tein 4 (LRP4) [19], agrin [20], and MG without known target autoantigens (“sero-
negative MG”) [21] have also been described as smaller subgroups. Some other 
patients have antibodies that can be identified by cell-based methods only [13].

Differences between antibodies in MG subgroups reflect also different patho-
genic mechanisms: anti-AChR and anti-LRP4 antibodies are of immunoglobulin 
(Ig) IgG1 and IgG3 isotypes [19, 22] and exert their effects mainly by the activation 
of the complement cascade [23, 24], whereas anti-MuSK antibodies are predomi-
nantly of the non-complement-fixing IgG4 isotype [16].

11.2  Genetics

Like other complex disorders, genetic susceptibility to MG has been implicated 
along with environmental factors.

11.2.1  Familial Studies

Neither autosomal nor sex-linked, dominant, or recessive mode of inheritance in MG 
could be confirmed, although some genetic predisposition to MG seemed to exist 
[25]. Differences in concordance rates between identical and nonidentical twins in 
MG (35.5% vs. 4–5%) and some familial occurrence suggested a role of genetic fac-
tors in the pathogenesis of the disease [26–28]. In the majority of pairs, the affected 
twin had an unaffected co-twin, showing that nongenetically determined factors are 
also critical [29]. However, recent transcriptome and methylome analysis of periph-
eral blood monocytes (all females) from identical twins also revealed that genetic 
predisposition may have a strong contribution to the disease [30].

11.2.2  Candidate Genes

11.2.2.1  Human Leukocyte Antigen (HLA)
As in many autoimmune diseases, MG and the subgroups have been examined for 
HLA associations in different populations at various levels. HLA loci have been 
reported to be associated with disease development [31–33]. With the first studies, 
a relation between HL-A8, HL-A2, and MG, mainly in women, was detected in a 
European population [34]. The association with HLA A1-B8-DR3 haplotype in 
women with thymus hyperplasia and EOMG was reported consistently [6, 34–38]. 
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In British EOMG patients of European descent, with a strong female bias, HLA-B8 
and -DR17 (DR3), and HLA-DR2 in the absence of HLA-DR17, were significantly 
increased [39, 40]. As DQB1*0201, in linkage disequilibrium with HLA-DR3, was 
found more frequently than HLA-B8 and -DR3 in MG patients with thymus hyper-
plasia and is negatively associated with thymoma [41–43], DQ was suggested to be 
the more important locus for disease susceptibility in subgroups of patients. 
Differential associations of DQB1 alleles in patients with thymus hyperplasia or 
with thymoma were reported in EOMG [44] in Norwegian and Swedish cohorts 
based on the frequencies of HLA-DQB1*0201 with B8, DR3, and DQA1*0501 [41, 
45]. In many ethnically different and mixed populations, A*31, B*08, C*17, 
DRB1*03, DQA1*05, DQB1*02, or any single element of the haplotype had 
increased frequencies among EOMG patients with or without thymic hyperplasia 
[46–50]. More recently, HLA-B*08 was mapped to give the strongest contribution 
to EOMG in Norwegian population [51]. Reflecting the ethnical heterogeneity, a 
novel haplotype (DQA1*0401:DQB1*0201) was the primary factor in the suscepti-
bility to EOMG in a small group of Caucasian-American patients [52].

A protective role of DRB1*13:01 for both EOMG and LOMG [51] and DRB1*11 
DQA1*0501 DQB1*0301 haplotype was also reported [53]. In some other studies, 
different immunogenetic backgrounds of ocular and generalized MG were impli-
cated [53, 54].

The studies in less evaluated and smaller MG subgroups and LOMG have 
revealed different findings. The associations of the HLA-DR7 [33], the HLA- 
DRB1*15:01 [51], HLA-DQB1*05:02 DRB1*16 [55], and HLA-DRB1*01 [50] 
were not replicated.

Immunogenetic background in Japanese and Chinese patients has been different 
from those in Caucasians. Associations of ocular MG with HLA-A2, Bw61, and 
DRw9, generalized MG with HLA-DRw8 [54], childhood MG with DRw13 and 
DQw3 [56], and EOMG with HLA-DRw53 [57] and DPB1*0201 [58] have been 
reported. In Northern Han Chinese population, HLA-DRB1*09 was positively and 
DRB1*08 negatively associated with MG [59]. In Southern Han Chinese, the asso-
ciation of HLA-B*4601-DRB1*0901 with MG was demonstrated [60].

Due to the strong linkage disequilibrium across the disease-associated ancestral 
8.1 haplotype (HLA-A*01:01, B*08:01, DRB1*03:01, DQB1*02:01), the causative 
locus on this haplotype could not be identified. Another region extending from HSP70 
in class III telomerically into the class I region co-occuring with HLA-B8 showed 
strongest associations in the patients [40]. The combined analysis of AChR-α-subunit 
(CHRNA1), the α-chain of HLA-DQ, and DR3 haplotype revealed a three-locus asso-
ciation influencing autoantibody titers in a subset of MG patients [61, 62]. The oppos-
ing effects of DR3 and DR7 on MG phenotypes according to the presence of thymus 
hyperplasia or anti-titin antibodies (ATA) have lead to the definition of MYAS1 locus 
and pathogenetically distinct subsets of MG [33]. MYAS1 locus has been mapped to 
the class III and proximal class I regions, between the BAT3 and C3-2-11 markers. 
This region was associated with a marked increase in serum titers of AChR autoanti-
bodies [63]. Other genes contained between C4 and TNF of DRB1*03 supratype have 
also been reported for susceptibility to EOMG in women [64].
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On the other hand, when genes within the classic major histocompatibility com-
plex (MHC) region are screened by a panel of 1472 single nucleotide polymorphisms 
(SNP) in 10,576 samples derived from 7 autoimmune disease groups including MG, 
and complex, multilocus effects were demonstrated [65]. The sequencing of the 
entire MHC region of patients homozygous for the 8.1 haplotype did not reveal dis-
ease-specific variants in EOMG.  Inside the HLA region, HLA-B*08:01 allele has 
been the unique genetic factor responsible for EOMG. By an intensive screening in 
the individuals homozygous for HLA-B*08:01, OVCH1 (rs10492374) and CNYP2 
(rs10783780) genes on chromosome 12 were identified as risk factors for MG [66].

11.2.2.2  Subgroup Studies

TAMG
TAMG appeared to have no genetic susceptibility [6]. As the discriminator of thy-
moma from thymic hyperplasia in MG, HLA-A24 (OR 9.7) and HLA-B8 (OR 0.1) 
were described as positive and negative predictive factors [37]. The loss of hetero-
zygosity at the HLA locus [67, 68] and a decreased HLA class II expression were 
demonstrated. The increase of HLA-DR11 [69], DQB1*0301 [47], and HLA- 
DRB1*10 was also reported [50]. A protection associated with HLA-A*02 in TAMG 
with a B2-type thymoma emphasized the variation of the histological classification 
in the genetic study of thymomas [70]. DRB1*03 DQA1*0501 DQB1*0201 haplo-
type had negative association with thymomatous MG [53].

MuSK 
As a main subgroup of MG, limited number of genetic studies revealed consistent 
and solid results in MuSK-MG (Table 11.1). In only 23 white Dutch patients with 
MuSK-MG, a strong association with a relatively rare HLA haplotype (HLA- 
DR14- DQ5) was detected [71]. In an Italian cohort, DQB1*05 was associated with 
DRB1*16, not with DRB1*14, and an effective role of DQ5 was suggested [72]. 
Associations of both DRB1*16 and DRB1*14 as well as DQB1∗05 provided sup-
port for both loci in susceptibility in Turkish and Serbian [73, 74] as well as Iranian 
and even in Japanese studies, emphasizing important roles of all these alleles across 
the races [53, 75]. The genetic association with DQA1*0104:DQB1*0503 in a 
group including MuSK-MG patients was interpreted as an indirect evidence for 
DRB1*14 haplotype in southern Texas [52].

11.2.2.3  Candidate Genes Associated with Autoimmune Diseases

Protein Tyrosine Phosphatase Type 22 (PTPN22)
Protein tyrosine phosphatase type 22 (PTPN22) inhibits T-cell activation and inter-
leukin- 2 (IL-2) production in lymphoid cells. The PTPN22*R620W variant 
(PTPN22 1858C/T) impaired T-cell activation [76] and is associated with multiple 
autoimmune diseases [77]. In a French study, PTPN22 variant 620W allele was 
increased in nonthymoma EOMG patients without ATA [78], whereas in Hungarian 
and German patients, the allele was associated with ATA [79]. In the Swedish 
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population, the overrepresention of 620W variant was accompanied by higher anti-
AChR antibodies and IL-2 production, suggesting a loss-of-function [80]. The 
PTPN22 +1858T(+) genotypes were accompanied by decreased intratumorous IL-2 
expression in both EOMG and TAMG, implicating PTPN22 variant as a gain-of-
function toward MG [81]. In a Turkish study including disease subgroups, only 
AChR-MG patients and especially the LOMG group revealed an association [82].

Cytotoxic T Lymphocyte-Associated Antigen-4 (CTLA-4)
Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) plays a critical role in the 
downregulation of antigen-activated immune responses. An association of a poly-
morphism of CTLA-4 gene in a subgroup TAMG [83] has implicated a T cell hyper-
reactivity via the CD28 pathway [84] and via the effect on the serum levels of 
sCTLA-4 related to decreased mRNA stability and reduced expression of CTLA-4 
[85]. Furthermore, a SNP in the coding region of CTLA4, +49 A/G, with functional 
effect was also associated with TAMG [86]. The CTLA4high genotype (+49A/A), 
which is protective against several autoimmune diseases, exerted a prominent pre-
disposing effect to TAMG patients supporting the nontolerogenic selection of CD4+ 
T cells in MG-associated thymomas [87]. In comparison with TAMG, LOMG 
revealed an association with the CTLA4(low) +49G+ genotypes and decreased low- 
for- age thymic export of naïve T cells into the blood distinguishing the defects in 
central thymic or peripheral tolerance induction in TAMG and LOMG [88]. Another 
SNP in the promoter region and regulating CD152 (CTLA4) gene expression was 
associated with MG and related to elevated levels of sCD152 in the sera [89]. 

Table 11.1 Summary of the HLA association studies in muscle-specific kinase antibody positive 
MG (MuSK-MG)

HLA Dutch [71] Italian [72] Turkish [73]
Serbian 
[74] Japan [75] Iran [53]

OR OR OR OR OR OR
DRB1*14 18.8 

(8.3–42.8)
1.4 
(0.6–3.2)

3.1 
(1.5–6.5)

3.8 
(1.9–7.3)

6.1 
(1.9–19.7)

4.0 
(1.7–9.2)

DRB1*16 6 
(1.6–23.4)

13.5 
(6.4–28.9)

4.9 
(2.4–10.1)

3.3 
(1.9–5.8)

8.2 
(1.1–63.4)a

4.3 
(1.9–9.4)

DQB1*05 6.3 
(2.4–16.6)

3.0 
(1.8–5.1)

4.8 
(2.4–9.5)

2.2 
(1.2–3.9)

8.5 
(2.2–32.9)

4.1 
(2.2–7.5)

DQB1*0502 6.7 
(3.2–13.7)

DQB1*0503 3.8 
(1.4–10.2)

DRB1*14- 
DQB1*05

8.5 
(3.9–18.7)

2.2 
(0.6–8.3)

2.9 
(1.4–6.2)

3.2 
(1.4–7.2)

5.0 
(1.5–16.8)

4.0 
(1.7–9.2)

DRB1*16- 
DQB1*05

4.8 
(1.1–20.6)

6.0 
(2.1–17.2)

4.1 
(2.0–8.5)

2.9 
(1.5–5.7)

4.3 
(2.0–9.4)

Only odds ratios (OR) and 95% confidence intervals (in parentheses) are presented
aNot statistically significant
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A predisposing effect of SNPs (rs1863800*C, rs733618*C, and rs231775*G) in 
CTLA4 was demonstrated, which was likely derived from EOMG and the female 
patients in Chinese [90]. Following these somehow discordant results, CTLA4 will 
be the potential target of further studies (see below).

11.2.2.4  Autoantigen Genes
The main autoantigen of MG, AChR is a pentameric channel that exists in the fetal 
AChR (α2βδγ) or the adult AChR (α2βδε) composition. The muscle AChR gene 
encoding the α-subunit of the receptor (CHRNA1) was screened extensively. A func-
tional SNP at the promoter conferred a relative risk for MG by disrupting the bind-
ing motif of interferon regulatory factor 8 and influencing CHRNA1 activity in 
susceptibility [61, 91]. The contribution of the genes encoding the β- (CHRNB1) 
and ε-subunits of the AChR to the susceptibility to MG could not be demonstrated 
[92, 93]. On the other hand, a microsatellite of CHRND encoding the δ-subunit 
revealed a preferential transmission and an overrepresention in nonthymoma MG 
patients [94]. In a screening of PTPN22, interleukin-10 (IL10), CHRNA1, autoim-
mune regulator (AIRE), and CTLA4 genes, the highest association was with SNPs of 
CHRNA1 [95].

11.2.2.5  Immunoglubulin (Ig) and T-Cell Receptor Genes
Early studies suggested that the genes predisposing to MG were located within the 
variable region of the Ig heavy chain loci [96] or T-cell receptor (TCR) variable- and 
constant-regions [97]. IgG receptor genes (FCGR2A, FCGR3A, and FCGR3B) 
exhibit functional polymorphisms, which affect efficiency of FcγR-mediated func-
tions. Whereas the frequency of the FCGR2A H/H genotype was increased in thy-
moma MG patients, the distribution of FCGR3B alleles did not differ from the 
controls but was related to the most severe MG [98]. A relative increase of the 
FCGR2A-R/R131 genotype was suggested as a marker for susceptibility to MG 
[99]. Among tumor necrosis factor-α and tumor necrosis factor-β (TNF, TNFB), 
FCGR2A, and IL10, susceptibility to MG increased with an increasing number of 
markers, and FCGR2A allelic variants seemed to be the most important determinant 
of disease [100].

11.2.2.6  Cytokines and Cytokine Receptors
Studies on the effects of cytokine polymorphisms included mainly the genes TNFB 
and TNF [101], the lymphotoxin alpha [102, 103], IL-4 and IL-6 [104, 105], IL1B 
[106], IL1A [107], IL10 [108, 109], IFNG [110], interleukin-4 receptor alpha [111], 
IL17A, IL17F, and MG [112]. Several positive and negative associations are reported 
with no confirmation in different studies.

11.2.2.7  Other Candidate Genes
The polymorphisms of the β2-adrenergic receptor gene (ADRB2) conferred suscep-
tibility to MG probably affecting the density of the receptor on cells [113]. 
Polymorphisms of the inhibitory receptor, programmed death-1 [114], the MHC 
class II transactivator (CIITA) regulating MHC class II gene expression [115] and 
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interferon regulatory factor 5 (IRF5), and TNFα-induced protein 3 (TNFAIP3) [116] 
showed no significant association with the disease.

An association of regulatory region polymorphisms of the galectin-1 (LGALS1) 
was detected in Caucasian MG patients [117]. The association between a SNP in the 
glucocorticoid receptor (GR) gene was identified as a contributer to drug efficacy in 
patients [118].

A role of altered expression of decay-accelerating factor (DAF) in the increased 
prevalence of severe extraocular muscle dysfunction among African MG patients 
was supported by the association of a regulatory SNP, resulting in inadequate DAF 
upregulation with consequent complement-mediated damage [119].

The role of epigenetics investigated by examining promoter polymorphisms of 
the DNMT3B gene, coding for the DNA methyltransferase 3B, revealed a contribu-
tion to the risk of developing thymoma in MG patients [120]. The functional poly-
morphism of histamine N-methyltransferase (HNMT) (A939G) was overrepresented 
among MG patients with anti-AChR and ATA [121].

Recently, common variants on the IL12/STAT4 and IL10/STAT3 signaling path-
ways and expression levels of the genes measured in the thymus provided no evi-
dence of functional effects [122]. Thymidylate synthase enhancer region (TSER) 
polymorphism increased the risk of thymic hyperplasia in AChR-MG patients [123].

In a two-stage association screening of 34 candidate genes, HLA-DRA, CD86, 
AKAP12, VAV1, B-cell activating factor (BAFF), and TNF were identified as novel 
loci predisposing to EOMG.  Allele frequency difference in female versus male 
patients at HLA-DRA and TNF loci was also observed [124].

11.2.3  Genome-Wide Association Studies (GWAS)

MG subgroups have been subject of recent and relatively small GWAS in a few 
cohorts (Table 11.2). The first GWAS in AChR-MG included only EOMG cases 
from a North European cohort with a high dominance of women. The discovery and 
replication analysis as well as meta-analysis in this study confirmed genetic associa-
tion with variants in the MHC class I as susceptibility markers (rs7750641, 
p = 1.2 × 10−92; OR, 6.25). PTPN22 (rs2476601; p = 8.2 × 10−10 OR, 1.71) and 
TNFAIP3 interacting protein 1 (TNIP1; rs4958881; p  =  3.2  ×  10−10, OR, 1.73) 
[125]. By imputation and conditional analysis, HLA-B*08 and HLA-DRB1*16 (pre-
disposing) and DRB1*0701 (protective) alleles were suggested as markers in 
EOMG. The association of HLA-B*08 was stronger in women compared with men 
(OR, 6.92 vs. OR, 3.55). In 109 samples from a Korean multicenter and mixed MG 
cohort, several SNP associations did not pass the threshold for GWAS level of sig-
nificance [126]. A subsequent GWAS also in AChR-MG patients from two different 
cohorts (North American and Italian) demonstrated distinct patterns of susceptibil-
ity in MHC loci and identified CTLA4 as another marker for the disease [127]. In the 
overall case-control cohort with predominantly LOMG patients, association signals 
at CTLA4 (rs231770; p  =  3.98  ×  10−8; OR, 1.37), HLA-DQA1 (rs9271871; 
p = 1.08 × 10−8; OR, 2.31), and TNFRSF11A (rs4263037; p = 1.6 × 10−9; OR, 1.41) 
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were identified and replicated for CTLA4 and HLA-DQA1 in an independent cohort 
of Italian cases. Distinct, but overlapping, disease-associated loci for EOMG and 
LOMG were described. TNFRSF11A (rs4263037; p = 1.32 × 10−12; OR, 1.56) and 
HLA-DQA1 (rs9271871; p = 7.02 × 10−18; OR, 4.27) were associated with LOMG, 
whereas in HLA-DQA1 (rs601006; p = 2.52 × 10−11; OR, 4.0) was associated with 
EOMG, although the set of SNP associated was different from that implicated 
among late-onset cases [127]. In a recent GWAS performed in 532 LOMG cases 
and 2128 controls matched for sex and population substructure, TNFRSF11A asso-
ciation (rs4574025, p = 3.9 × 10−07, OR: 1.42) was confirmed, and a novel candidate 
gene, ZBTB10 (rs6998967, p  =  8.9  ×  10−10, OR, 0.53), was identified. PTPN22 
R620W variant (rs2476601, p = 6.5 × 10−06, OR, 1.62) which was noted in EOMG 
previously showed suggestive significance. SNPs within the MHC region showing 
strong associations in LOMG had smaller effect sizes than in EOMG and were in 
opposite directions (DQA1*05:01, p = 5.9 × 10−12, OR, 0.54) [128].

In a smaller study on a single population from Turkey, genetic susceptibility to 
EOMG, LOMG, and MuSK-MG was investigated at genome-wide level by immu-
nochip [129]. In EOMG, rs113519545 in the HLA class I region (p = 2.24 × 10−16 
OR, 5.71), HLA-B*08:01 (p  =  3.34  ×  10−11 OR, 7.04), and HLA-C*07:01 
(p = 2.07 × 10−9 OR, 2.74); in LOMG, rs111256513  in the HLA class II region 
(p = 2.48 × 10−6 OR, 2.22); and in MuSK-MG, an intronic variant within HLA- 
DQB1 (rs68081734, p  =  2.25  ×  10−14 OR, 5.86) and HLA-DQB1*05:02 
(p = 6.88 × 10−13 OR, 8.56) revealed significant associations. Differential genetic 
susceptibility within the HLA to EOMG, LOMG, and MuSK-MG has been con-
firmed at a broader level by these data.

11.3  Conclusions

The genetic comparisons of MG subtypes reveal differences between groups impli-
cating variations in pathogenesis. The findings emphasize the value of subgrouping 
MG patients by clinical and laboratorial criteria for investigations of distinct predis-
posing mechanisms in MG.
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12.1  Introduction

Autoimmune diseases (ADs) comprise a heterogeneous group of disorders charac-
terized by an altered immune response that results in a serious damage of diverse 
organ and tissues. Worldwide, 7.9–9.4% of the population is estimated to be affected 
by an AD such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), 
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type 1 diabetes (T1D), or inflammatory bowel disease (IBD) among others [1]. 
Knowledge of etiology and pathogenic mechanisms causing AD remain limited, but 
it is well stablished that the alteration of the immune response results from a com-
plex interplay between environmental factors and genetic susceptibility.

Since long time ago, it was suggested that ADs would share a genetic component 
on the basis of the important overlap of clinical and immunological characteristics, 
the familial aggregation for autoimmunity and the co-occurrence of two or more AD 
in the same individual. During the past 10 years, the development of powerful geno-
typing and technical and analytical tools has allowed for a great advance in the 
characterization of the shared genetic background for autoimmunity. The major 
advance happened with the expansion of genome-wide association studies (GWASs). 
With this approach, common variants, typically single nucleotide polymorphisms 
(SNPs), across the whole genome are examined in case-control groups including 
thousands of individuals. Over the past decade, more than 100 GWASs have been 
conducted in different ADs uncovering hundreds of risk loci predisposing for ADs, 
of which almost half overlap between diseases [2, 3] (Fig. 12.1). In addition, a spe-
cific immune-genetic genotyping array (Immunochip) was designed for the replica-
tion and fine mapping of established GWAS loci for autoimmune and inflammatory 
diseases [4]. Several novel autoimmunity loci that were not detected in GWAS stud-
ies have been identified with the Immunochip studies conducted in different ADs 
[5–8]. On the other hand, recently cross-disease studies analyzing data set coming 
from GWASs of different ADs have also contributed to expand the known genetic 
susceptibility loci for autoimmunity [9–13].

Fig. 12.1 A number of 
overlapping genetic risk 
loci for five of the most 
common and best studied 
autoimmune diseases: RA, 
T1D, SLE, MS, and 
IBD. All risk loci listed in 
the NHGRI GWAS 
Catalog (https://www.ebi.
ac.uk/gwas/) showing an 
association p value <10−5 
were included. RA 
rheumatoid arthritis, T1D 
type 1 diabetes, SLE 
systemic lupus 
erythematosus, MS 
multiple sclerosis, IBD 
inflammatory bowel 
disease

G. Orozco and B. Rueda

https://www.ebi.ac.uk/gwas/
https://www.ebi.ac.uk/gwas/


223

Thus, at present a huge number of AD-shared risk loci have been identified con-
vincingly. Nevertheless, this overlap is complicated and could comprise different 
scenarios, with the same SNP/haplotype accounting for the risk of different ADs, 
discordant associations in which the same SNP exerts a protective role in one dis-
ease and confer risk for another, and shared loci for which a different haplotype is 
associated in each disease. To add more complexity, the genes implicated frequently 
present differential expression patterns and could exert pleiotropic immune 
functions.

In this chapter we will highlight the most relevant shared pathways involved in 
the development of ADs discovered from recent advances in genetic studies, includ-
ing antigen presentation, cytokine profile, or lymphocyte activity modulation.

12.2  Antigen Presentation

The major histocompatibility complex (MHC) is a genomic region including hun-
dreds of genes with immune functions, including antigen presentation. This region 
is characterized by wide allelic variation and linkage disequilibrium. For most auto-
immune conditions, the first reported genetic association was with MHC loci, previ-
ous to the GWAS era, and still remains as the strongest genetic effect [14]. Usually, 
ADs with the presence of autoantibodies such as RA, T1D, SLE, systemic sclerosis 
(SSc), or celiac disease (CD) are associated with HLA class II alleles, whereas HLA 
class I alleles confer risk for ADs in which autoantibodies are not a common feature 
(i. e., Behçet’s disease, ankylosing spondylitis (AS), or psoriasis) [15–19]. Notably, 
Crohn’s disease is an exception since although it is associated with SNPs in the 
MHC region, classical HLA alleles do not associate with this condition [20].

Recent studies including large data sets, high-throughput genotyping techniques, 
and novel analysis tools, such as imputation of alleles, have characterized indepen-
dent non-HLA associations within the region for some ADs. In RA, an extensive 
study using imputation of classical HLA alleles as well as SNPs across the MCH 
identified independent association with HLA-B and HLA-DPβ1 and refined the clas-
sical shared epitope association to three amino acid positions of the peptide-binding 
groove [21]. Similarly, an independent signal at HLA-A*0201 was defined for anky-
losing spondylitis through the imputation analysis of Immunochip data [7].

For T1D and multiple sclerosis, association at HLA-A/HLA-B and HLA-DPB1, 
respectively, was described as independent of the classical HLA susceptibility 
signals [22, 23].

In spite of the robust and largely characterized contribution of MHC genes to 
autoimmunity, for the majority of risk loci, causal alleles remain undiscovered. This 
is a difficult issue due to the extensive variability and the strong linkage disequilib-
rium in this region. Probably, causal alleles would be different for each disease 
conditioning distinctive patterns of antigen recognition starting the altered immune 
response. On the other hand, considering that the MHC region contains a dense 
number of genes, it is likely that non-HLA genes contribute to the genetic risk of 
ADs. Thus, another challenge for researches is to identify independent genetic 
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variants outside the common classical HLA haplotypes that would help to the char-
acterization of novel pathways involved in the autoimmune process. In this line, for 
SLE a role of non-HLA alleles in the multiple MHC association with the disease has 
been described [24].

Together with the implication of MHC genes, there are interesting findings about 
the role of different aminopeptidase genes in antigen presentation. Variants in endo-
plasmic reticulum aminopeptidase 1 (ERAP1) gene located at chromosome 5 are asso-
ciated with AS, psoriasis, and Behçet’s disease. This gene encodes for an endoplasmic 
reticulum aminopeptidase involved, among other functions, in the preparation of pep-
tides for HLA class I presentation. Interestingly, data from GWAS studies revealed a 
gene-gene interaction between ERAP1 and HLA-B*27 in AS, ERAP1 and HLA-Cw6 in 
psoriasis, and ERAP1 with HLA-B*51 with Behçet’s disease that reinforces the impor-
tance of antigen presentation in the pathogenesis of these diseases [25–27]. Likewise, 
a SNP in the ERAP2 gene was associated with a protective effect in AS and Crohn’s 
disease. The variant associated causes a splice site variation that leads to a decay of 
ERAP2 expression and to the deficiency of the translated protein [28, 29].

12.3  Cytokines Pathways

Cytokines play an important role in autoimmunity and inflammation in general, 
since they mediate the recruitment, activation, and intercellular communication of 
inflammatory cells in the site of inflammation. A dysregulated expression of cyto-
kines is a common feature of autoimmune lesions, and therefore, substantial efforts 
have been made to elucidate their potential role as genetic risk factors for autoim-
mune disease. GWASs have further highlighted the importance of genetic polymor-
phism in cytokine genes, as many associations have been found with multiple 
autoimmune diseases. A summary of the most important ones is described below.

12.3.1  TNF Superfamily

There are 18 ligands (TNFSF) and 29 receptors (TNFRSF) in the tumor necrosis 
factor (TNF) cytokine and receptor superfamilies, respectively. These molecules are 
involved in the modulation of immunological responses via co-stimulation, matura-
tion, and cell death signaling pathways [30]. Mutations in genes of this TNF super-
family are responsible for the development of Mendelian autoimmune diseases like 
autoimmune lymphoproliferative syndrome (ALPS) and TNF receptor-associated 
periodic syndrome (TRAPS), which are caused by mutations in FAS and 
TNFRSF1A, respectively [31–33].

For complex autoimmune diseases, GWASs have identified associations with 
genetic variants close to around a quarter of the 88 autosomal genes encoding 
TNFSF cytokines, their receptors, and downstream signaling molecules. In addi-
tion, a number of these genetic variants are associated with multiple diseases, and 
several diseases are associated with several variants in TNFSF network genes [34]. 
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Diseases showing association with genes in these pathways include ankylosing 
spondylitis, celiac disease, Crohn’s disease, multiple sclerosis, primary biliary cir-
rhosis, psoriasis, rheumatoid arthritis, Sjögren’s syndrome, SLE, ulcerative colitis, 
and vitiligo [35]. Some of these SNPs associated with autoimmunity have also been 
shown to be correlated with the expression levels of nearby TNFSF and TNFRSF 
members, for example, TNFSF4 [36, 37], TNFRSF1A [38], TNFSF14 [39], CD40 
[40], TNFRSF6B [41], and TNFSF15 [42–45].

Further evidence supporting a key role of TNFSF and TNFRSF genes in autoim-
munity is (a) increased expression of these genes in the serum and/or at the site of 
inflammation in patients, including RA [46–48], inflammatory bowel disease (IBD) 
[49–53], and SLE [54–56]; (b) amelioration of autoimmune disease in mouse mod-
els by blockade of several TNFRSF signaling pathways [57]; and (c) successful 
treatment of disease in humans by targeting TNF [58] and TNFSF13B (BAFF) [59].

12.3.2  IL23R

One of the strongest genetic associations in Crohn’s disease and ulcerative colitis is 
with IL23R [60], which is also associated with psoriasis [61] and ankylosing spon-
dylitis [62]. IL23R encodes for one of the subunits of the interleukin-23 (IL-23) 
receptor. IL-23 is known to play a crucial role in the development and maintenance 
of T helper 17 cells. The missense variant R381Q in IL23R, encoding the receptor 
molecule for IL-23, is perhaps one of the best studied of SNPs associated with auto-
immunity. Functional studies have shown that human CD4+ T cells carrying the 
IL23R R381Q protective allele display reduced phosphorylation of signal trans-
ducer and activator of transcription 3 (STAT3) upon stimulation with IL-23 and 
decreased production of IL-17, which suggests that reduced responsiveness in Th17 
cells protects against those ADs [63]. In addition to the R381Q variant, several other 
independent association signals have been found in a haplotype block encompass-
ing the C-terminal seven exons of IL23R and the intergenic region between IL23R 
and its close homolog, IL12RB2.

The association of genes in the IL-23 pathway illustrates how GWAS findings 
have sparked the successful repositioning of drugs; biologic drugs targeting compo-
nents of this pathway are now used routinely for psoriasis and psoriatic arthritis and 
have been shown to be effective in the treatment of ankylosing spondylitis and 
inflammatory bowel disease [64–66]. It has been proposed that the annual sales of 
these medications alone are likely to be greater than the total amount spent on 
GWASs in the past decade [67].

12.3.3  IL2RA

GWASs have implicated multiple, distinct noncoding variants in the IL2RA locus as 
risk factors for eight autoimmune diseases, including juvenile idiopathic arthritis, 
type 1 diabetes, autoimmune thyroiditis, multiple sclerosis (MS), primary 
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sclerosing cholangitis, vitiligo, Crohn’s disease, and alopecia areata [68]. IL2RA 
encodes a subunit of the high-affinity interleukin-2 (IL-2) receptor (IL-2Ra, also 
known as CD25) and plays an important role in T-cell stimulation and Treg function 
[69]. These variants map to regulatory rather than coding sequences, and several 
studies have aimed to understand how they affect IL2RA. For example, it has been 
shown that the rs2104286 risk allele, associated with both MS and T1D, is corre-
lated with increased expression of IL-2Ra on effector T cells and Tregs [70–72], and 
it is also associated with decreased STAT5 signaling downstream of IL-2 [71]. 
Investigation of SNPs mapping to the 5′ flanking region and the first intron of IL2RA 
showed that the minor allele is associated with lower transcript levels and altered 
transcription factor binding [73]. The implication of rs61839660, which has been 
shown to be responsible for the risk of IBD at the IL2RA locus in a fine-mapping 
study [74], in the regulation of IL2RA expression was later confirmed in a high-
throughput CRISPR activation study; it was also found that this SNP delayed the 
timing of IL2RA activation in response to stimulation and the deletion of the 
enhancer containing the variant skewed polarization of naive T cells toward a pro-
inflammatory TH17 cell state [75]. Interestingly, the identification of multiple T1D 
susceptibility genes in the IL-2 pathway (IL2RA, IL2, IL21, BACH2, PTPN2, IL10) 
through GWAS [76, 77] promoted the use of aldesleukin (Proleukin; recombinant 
human IL-2) at low doses to treat this condition [78].

12.4  Interferon Signature

A dysregulation of the adaptive immune system is considered a principal disease 
mechanism in autoimmunity, but multiple lines of evidence suggest that the innate 
immune system also plays an important role in such conditions. Type I interferons 
(IFNs) are key signaling cytokines involved in the activation of the innate immune 
response and recruitment of adaptive immune mediators [79] and are implicated in the 
pathogenesis of some autoimmune diseases, especially SLE [80]. Multiple genes 
involved in interferon signaling have been associated with autoimmune diseases [81]. 
In SLE, GWASs have identified multiple loci associated with type I interferon signal-
ing pathways, including TLR7, IRAK1, IRF5, TYK2, IRF7, and IFIH1 [82]. Some of 
these genes also are shared with other autoimmune diseases: IRF5 is associated with 
rheumatoid arthritis, inflammatory bowel diseases, and primary biliary cirrhosis; 
IFIH1 is associated with type 1 diabetes, psoriasis, and inflammatory diseases.

STAT4 is also an important gene in the IFN signaling pathway that has been 
shown to be associated with RA, SLE, Sjögren’s syndrome, and psoriasis, among 
other diseases [81]. STAT4 is activated by type I interferons and is essential for the 
production of IFN-γ in T cells and natural killer cells [83].

Strong and independently replicated associations have been detected between 
polymorphic variants within or near IRF8 gene for systemic lupus erythematosus 
[84], ulcerative colitis [85], Crohn’s disease [86, 87], RA [88], and MS [89, 90]. The 
MS-associated SNP rs17445836, mapping 61 kb downstream of IRF8, is also asso-
ciated with higher peripheral blood mononuclear cell IRF8 mRNA levels [89].
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12.5  T- and B-Cell Modulation

12.5.1  PTPN22

The association of the protein tyrosine phosphatase gene (PTPN22) with ADs is the 
most extended after the MCH region. PTPN22 codifies for a lymphoid tyrosine 
phosphatase (Lyp) that regulates T-cell receptor signaling. The association of the 
non-synonymous variant Arg620Trp (rs2476601; C/T) was first described for T1D 
before the GWAS era [91]. Subsequently, the minor allele was evidenced to confer 
risk for RA, SLE, CD, SSc, MS, vitiligo, autoimmune thyroiditis, and ulcerative 
colitis [92, 93]. Intriguingly, for Crohn’s disease the association of this PTPN22 
allele showed the opposite effect conferring protection to disease [94]. Interestingly, 
there is evidence about the functional relevance of the Trp change at 620 amino acid 
position of the PTPN22 gene. The presence of this variant provokes a decreased 
expression of Lyp protein in human T and B cells and facilitates its degradation by 
the proteasome [95]. Lower levels of Lyp causes an impaired dephosphorylation of 
substrates, increasing T-cell receptor activation and signaling which leads to the 
autoimmune process through diverse mechanism [96]. Animal models have shown 
that the alteration of PTPN22 function alters the equilibrium between autoimmune- 
promoting effector T cell and autoimmune-protecting TREG-cell compartments, the 
proliferation of autoreactive B cells or clearance of pathogens. However these 
mechanisms are still under investigation.

12.5.2  TNFAIP3

One of the most important molecular pathways that initiate immune cell activation 
is the nuclear factor-κB (NF-κB) cascade that initiates the transcription of several 
pro-inflammatory and cell-survival genes. This signaling pathway is regulated 
strictly thanks to the process of ubiquitylation. The TNFAI3P (A20) protein is 
among the most potent regulators of ubiquitin-dependent signals of several mole-
cules of the NF-κB pathway. Polymorphisms located across the TNFAIP3 gene have 
been associated with multiple ADs including RA, SLE, T1D, CD, Crohn’s disease, 
juvenile idiopathic arthritis, and SSc [97]. Among the genetic variants related with 
autoimmunity, it is worth noting a non-synonymous SNP (Phe127Ala) that reduces 
A20 expression which is strongly associated with SLE and SSc [98, 99]. Similarly 
a TT > A polymorphic dinucleotide associated with SLE located at the 3′ region of 
the gene seems to alter the binding site of transcription factors at a putative enhancer 
resulting in a decreased A20 expression [100]. The other disease-associated SNPs 
are located outside the coding regions, and their functional relevance is not com-
pletely understood yet, but probably they would act mediating molecular mecha-
nisms modulating the expression of A20 and other genes in the region, like IL20RA 
and IFNGR1 [101, 102]. Interestingly, the TNIP1 gene, encoding the TNFAIP3- 
interacting protein that controls TNFAIP3 activity, is associated with SLE, psoria-
sis, and SSc [103–105].
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Similarly, other proteins implicated in ubiquitylation, the ubiquitin-conjugating 
enzyme E2L 3 (UBE2L3), which ubiquitylates the NF-κB1 precursor p105 target-
ing it for degradation, are associated with numerous ADs. Several SNPs in the 
genomic locus of UBE2L3 are associated with SLE, Crohn’s disease, RA, CD, pso-
riasis, diffuse SSc, juvenile idiopathic arthritis, or AS [106].

Besides the implication of these regulatory enzymes of the NF-κB pathway in 
autoimmunity, other proteins of the NF-κB family have shown association with 
ADs. An example is REL which is a risk factor with RA, CD, psoriasis, Crohn’s 
disease, and ulcerative colitis and/or the NFKB1 gene with MS, psoriasis, and ulcer-
ative colitis.

12.5.3  BANK1 and BLK

Alteration of molecular mechanisms controlling B-cell activation and function 
would be expected for ADs since a pathogenic autoantibody production occurs in 
many of them. Genetic studies have revealed the implication of genes of the B-cell 
receptor pathway, specifically BANK1 and BLK, in the susceptibility of RA, SLE, 
and SSc among other ADs [107–110].

BANK1 is a specific B-cell scaffold protein which serves as a substrate of tyro-
sine kinases downstream of the B-cell receptor (BCR) initiating intracellular cal-
cium mobilization [111]. The BANK1 SNPs associated with ADs are located in 
coding or regulatory regions and have been shown to exert functional relevance 
affecting expression of BANK1 isoforms and binding to the calcium channel IP3R 
downstream protein [112].

The BLK gene encodes a kinase exclusively expressed in B lymphocytes that 
transduce signals downstream the BCR playing an essential role in the B-cell sig-
naling and development [113]. Although the BLK function is still poorly under-
stood, functional studies have shown that the haplotype implicated in the genetic 
susceptibility of ADs decreases expression in BLK mRNA [110, 114].

Interestingly, a genetic epistatic interaction between SNPs in the BANK1 and 
BLK genes has been observed in SLE and RA that was also evidenced at the mole-
cule level with the co-immunoprecipitation and co-localization of these two pro-
teins [108, 115]. These evidences strongly support the relevance of the B-cell 
receptor pathway in the regulation of B-cell function.

12.6  Conclusions and Future Directions

Well-powered GWASs have successfully identified thousands of genetic variants 
that predispose to multiple autoimmune diseases. Some of these findings have 
sparked the successful repositioning of drugs, for example, the use of biologics 
targeting components IL-23 pathway in psoriasis, psoriatic arthritis, ankylosing 
spondylitis, and inflammatory bowel disease, as described above. GWAS discover-
ies have also suggested novel therapeutic targets, and several programs are currently 
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underway to develop drugs based on this evidence, for example, PAD inhibitors in 
RA [116, 117].

Despite these successful examples, the use of GWAS findings in drug discovery pro-
grams has been quite limited because the functional role of the disease- associated vari-
ants has been underexplored. It has been estimated that around 90% of disease- predisposing 
variants identified through GWAS lie outside protein-coding regions of the genome, 
often at considerable genomic distances from annotated genes [118, 119], and, therefore, 
their potential role in pathological mechanisms is not obvious [120, 121].

Understanding the biological mechanisms by which genetic variation leads to dis-
ease is one of the most important missions in the post-GWAS era and is essential for 
genetic association study findings to be translated into the clinic. Although this is a 
challenging task, functional genomics is now providing evidence that autoimmune 
diseases might result from a dysregulated interplay between enhancers containing 
disease-associated SNPs and their target genes [122]. In this regard, chromosome 
conformation capture-based 3D genome analysis methods [123] have been success-
fully applied to link regulatory elements containing GWAS SNPs to their potential 
target genes [124–127]. These studies have showed that disease- associated variants 
often do not interact with the closest gene but with more compelling candidate genes 
further away and can interact in a cell type-specific manner. They have also led to 
interesting observations in genetic regions that contain risk loci for different autoim-
mune diseases, where the lead disease-associated SNP for one disease maps some 
distance from the lead disease-associated SNP for other autoimmune diseases; using 
the “nearest candidate gene” annotation method, different genes would have been 
assigned to the diseases. However, capture Hi-C studies have shown that these differ-
ent risk loci can interact through chromatin looping, suggesting that they might be 
affecting the same genes and biological pathways [127].

Although the exact mechanisms by which disease variants lead to small changes 
in gene expression which in turn affect disease risk are still not well understood, 
recent advances in statistical, bioinformatic, and empirical approaches will help in 
the understanding of the genetic bases of autoimmune disease [128].
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