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Abstract

Behcet’s disease is a chronic multisystem inflammatory disorder characterized mainly by recurrent
oral ulcers, ocular involvement, genital ulcers, and skin lesions, presenting with remissions and
exacerbations. It is thought that both environmental and genetic factors contribute to its onset and
development. Although the etiology of Behcet’s disease remains unclear, recent immunogenetic
findings are providing clues to its pathogenesis. In addition to the positive association of HLA-
B*51, which was identified more than four decades ago, and which has since been confirmed in
multiple populations, recent studies report additional independent associations in the major
histocompatibility complex class I region. HLA-B*15, -B*27, -B*57, and -A*26 are independent
risk factors for Behcet’s disease, while HLA-B*49 and — A*03 are independent class | alleles that
are protective for Behget’s disease. Genome-wide association studies have identified associations
with genome-wide significance (P < 5 x 1078) in the IL23R-IL12RB2, IL10, STAT4, CCR1-CCR3,
KLRC4, ERAP1, TNFAIP3, and FUT2 loci. In addition, targeted next-generation sequencing has
revealed the involvement of rare nonsynonymous variants of IL23R, TLR4, NOD2, and MEFV in
Behget’s disease pathogenesis. Significant differences in gene function or mMRNA expression
associated with the risk alleles of the disease susceptibility loci suggest which genes in a disease-
associated locus influence disease pathogenesis. These genes encompass both innate and adaptive
immunity and confirm the importance of the predominant polarization towards helper T cell (Th)
1 versus Th2 cells, and the involvement of Th17 cells. In addition, epistasis observed between
HLA-B*51 and the risk coding haplotype of the endoplasmic reticulum-associated protease,
ERAP1, provides a clue that an HLA class I-peptide presentation-based mechanism contributes to
this complex disease.
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1. Introduction

Behcet’s disease (BD) is a chronic multisystem inflammatory disorder characterized mainly
by recurrent oral ulcers, ocular involvement, genital ulcers, and skin lesions, presenting with
remissions and exacerbations. Arthritis, gastrointestinal lesions, vasculitis, epididymitis, and
central nervous system lesions are also frequently observed disease manifestations in BD
patients [1, 2]. BD is relatively prevalent in countries located between 30 and 45 degrees
north latitude through the Mediterranean basin, the Middle East, China, and Japan along the
ancient Silk Route [3].

BD has aspects of both autoimmune disease and autoinflammatory disease. Effectiveness of
classical immunosuppressives such as azathioprine and cyclosporine [4], and the suggested
role of the candidate autoantigen, human heat-shock protein 60 (HSP60) [5], are features of
autoimmunity. On the other hand, the lack of significant high-titer auto-antibodies or
antigen-specific T-cells, strong involvement of major histocompatibility complex (MHC)
class I molecules, clinical episodes of unprovoked recurrent inflammation, mainly caused by
neutrophils [6], and the disease relationship with familial Mediterranean fever (FMF), such
as the contribution of the M694V MEFV mutation to BD susceptibility and the therapeutic
effectiveness of colchicine, are features of autoinflammation. Although the etiology of BD
remains unclear, recent immunogenetic findings have increased our understanding of
pathogenesis. Here we review current knowledge with a focus on the immunogenetics of
BD.

2. Genetic Factors

2.1. Geoepidemiology

Although it is thought that common environmental factors such as infections or exposures to
toxins or to specific immunogens contribute to BD, development of disease is believed to
occur only in genetically predisposed hosts. The wide range of disease prevalence observed
among different geographic locales is likely a result of differences in both environment and
genetics. Disease prevalence in Turkey, the country with the highest reported prevalence, is
estimated from 80 to 420 per 100,000 [1, 7-9]. Other studies report a high prevalence of BD
with 13.5 per 100,000 in Japan, or 14.0 per 100,000 in China [10]. On the other hand, a
relatively low prevalence is reported in Northern and Western Europe and the United States
[10]. The high prevalence areas can be partly explained by the high frequency of HLA-B*51
allele carriage (see below) in these regions [3]. Differences in disease prevalence among
recent migrants compared with those residing in their home country help establish a role of
the environment, while differences in disease prevalence among individuals of different
ancestries residing in the same region reflect the role of genetics in disease susceptibility.
The prevalence of BD is reduced among Turks who recently immigrated to Germany (15.1
per 100,000) compared with those residing in Turkey (80 — 420 per 100,000), but is
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nevertheless high compared with individuals of German ancestry who live in Germany (0.30
per 100,000) [11]. These findings from geoepidemiological studies indicate the importance
of both genetic and environmental factors in BD pathogenesis.

2.2. Familial aggregation

Familial aggregation of BD also supports the involvement of genetic factors in pathogenesis.
Although BD usually occurs sporadically, familial aggregation and a higher prevalence in
siblings and parents of BD patients has been observed [12]. Familial aggregation of BD also
varies among populations. In Turks (18.2%), Koreans (15.4%), and Jews (13.2%) familial
aggregation is higher than in the Chinese (2.6%), Japanese (2.2%), and various European
populations (0-4.5%) [13-16]. Stronger familial aggregation was observed among early
onset BD patients [12] compared with individuals with disease onset in adulthood. Analysis
of BD pediatric patient families suggested an autosomal recessive mode of inheritance by
segregation analysis [17]. However, no particular Mendelian inheritance patterns were
shown from analysis of BD including all ages of onset [17, 18]. A study in the Turkish
population reported a high sibling recurrence (4.2%), and estimated a high sibling
recurrence risk ratio (As) (11.4 — 52.5), which is the ratio between the risk of being affected
among siblings of patients to the disease risk in the general population, a widely used
indicator for familial aggregation [19, 20].

3. MHC region
3.1. HLA-B*51

The MHC region on chromosome 6p21 contains human leukocyte antigen (HLA) and other
essential genes in the immune response. Ohno et al. reported association of the HL-A5
antigen in the Japanese population in 1973. The antigen was later renamed HLA-B5, a
designation that subsumes HLA-B*51 and several other specificities [21]. This study
provided the earliest genetic evidence for BD. Among more than 250 subtypes of HLA-
B*51 defined by the protein sequence (IPD - IMGT/HLA, a database for sequences of the
human HLA), HLA-B*51:01 is the major subtype that has been associated with BD in
multiple populations [22-38]. A sequence study of the full gene region of HLA-B*51:01
from 24 cases and 13 healthy controls from the Japanese, Turkish, Jordanian, and Iranian
populations confirmed that all individuals carried HLA-B*51:01:01 with no variation in the
exons, introns, or 5°-flanking region, suggesting the association of HLA-B*51 represents the
association of HLA-B*51:01:01 itself [39].

The geographically pooled prevalences for HLA-B5/B*51 reported in a systematic review
and meta-analysis including 4,800 BD patients and 16,289 controls from 80 independent
studies are 55.0 — 63.5% in BD cases and 16.8 — 21.7% in controls for populations in East
Asia, Middle East/North Africa, Southern Europe, and Northern/Eastern Europe [40]. The
pooled overall odds ratio (OR) (95% confidence interval [CI]) was 5.78 (5.00 — 6.67) for
HLA-B5/B*51 and 5.90 (4.87 — 7.16) for HLA-B*51 type carriage [40] and the population
attributable risk (PAR) of HLA-B5/B*51 was estimated to be 52.2 % for BD patients in
Southern Europe, 49.9 % in Middle East/North Africa, 44.4 % in East Asia, and 31.7 % in
Northern Europe [40]. In a family-based study, Giil et al. estimated a lower contribution of
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HLA-B to the overall genetic susceptibility to BD, in the range of 12 — 19 % [41]. Large
studies should produce accurate estimates of the HLA-B*51 effect size in specific
populations, but differences in analytic techniques make the results difficult to compare. For
example, a recent HLA typing study of 300 patients and 300 matched healthy controls from
Japan reported an allelic OR (95% CI) of 5.50 for HLA-B*51:01 [42], whereas a recent
study from Turkey, with 1,190 cases and 1,257 matched healthy controls reported for an
additive model, an OR (95% CI) of 3.0 (2.6 — 3.4) for HLA-B*51 per allele [43]. Regardless,
although there is a strong consensus that HLA-B*51 is associated with BD risk, there has
been an ongoing controversy about whether the disease association with HLA-B*51 is
attributed to a role of this MHC class | variant itself or if the association is found because of
its linkage disequilibrium (LD) with another variant in the region.

Hughes et al. recently reported an association study in two independent cohorts from Turkey
(503 cases and 504 controls) and Italy (144 cases and 1,270 controls), genotyped on the
Immunochip platform, which has very good single nucleotide polymorphism (SNP)
coverage of the MHC region [44, 45]. Meta-analysis of imputed MHC region markers using
the 1000 Genomes Project haplotypes as the reference and imputed MHC types using 2,512
individuals from the British Birth Cohort and HapMap CEU data as the reference revealed
the strongest association signal for a SNP, rs116799036, located approximately 24 kb
upstream of HLA-B and 18 kb upstream of MICA with genome-wide significance. To
determine whether the genetic effect of rs116799036 could be explained by HLA-B*51:01,
and vice versa, Hughes et al. performed conditional analyses. Surprisingly, a genome-wide
significant association of rs116799036 remained after conditioning on HLA-B*51:01. On the
other hand, the genome-wide significant association of HLA-B*51:01 completely
disappeared after conditioning on rs116799036. These findings suggested HLA-B*51 itself
may not underlie its association with Behcet’s disease.

A contrary result, however, was recently reported by Ombrello et al. from a large association
study of of Behcet’s disease performed in 1,190 cases and 1,257 controls from Turkey using
experimentally ascertained as well as imputed classical HLA types and imputed SNP and
amino acid variants determined from previous GWAS genotyping data and a reference panel
of 5,225 ethnically diverse European individuals with SNP and HLA-type information.
Conditional analysis of the HLA-B region, adjusting for either the lead SNP (rs79556279) or
HLA-B*51, which is in strong LD with the lead SNP, revealed no additional genome-wide
significant associations for markers in the HLA-B — MICA region, but an independently
significant association in the HLA-A — HLA-F region remained (see Section 3.2 below).
Association of rs116799036 identified by Hughes et al. was found with genome-wide
significance, but it was seven orders of magnitude weaker than that of HLA-B*51.
Furthermore, the association of HLA-B*51 with Behcet’s disease remained significant even
after conditioning for the effect of rs116799036. These findings support the involvement of
HLA-B*51 itself in the pathogenesis of Behget’s disease.

3.2. Other MHC class | genes

Although other MHC class I types, and even other HLA-B types have been reported to be
associated with BD, the strong LD within the MHC region and inadequate sample size has
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made it difficult to reveal other HLA associations with genome-wide significance that are
truly independent from HLA-B*51. Recent large studies that either perform analyses
conditioning for the effect of HLA-B*51 or that are performed in HLA-B*51 non-carriers
have permitted confident identification of additional MHC class | associations with BD.
Ombrello et al. performed stepwise conditional analysis of HLA class | types in BD cases
and controls from Turkey and revealed independent genetic associations of HLA-B*51, -
B*15, and -B*27 as risk, and HLA-A*03 and -B*49 as protective types. HLA-B*57 reached
near significance in HLA-B*51 non-carriers after conditioning on -B*15, and -B*49 and this
result, combined with a study in the Spanish population [46], indicates that it is also a
disease risk type. Similarly, Ombrello et al. found that after conditioning on HLA-B*51, -
A*03, and -B*15; HLA-A*26 reached near significance in the Turkish population and this
result, combined with an analysis performed in Japanese HLA-B*51 non-carriers by Meguro
et al. [42], firmly establishes HLA-A*26 as a BD risk type.

3.3. Association of HLA-B variant amino acids with BD

In their study Ombrello et al. also evaluated disease association of the individual variant
amino acids of the HLA Class | types and found genome-wide significant associations at 16
of the 69 variant amino acid positions in the HLA-B mature protein (Table 1). These
disease-associated amino acids are mainly located within the antigen-binding grove of the
HLA-B molecule (Figure 1). None of the amino acid associations was more significant than
the association of HLA-B*51 itself, suggesting that no single amino acid variant better
encompasses disease risk or protection than the most strongly associated HLA type.
Interestingly, the HLA-B risk types -B*51, -B*15, and -B*57, bear 16, 7, and 8 of the 16
disease risk-associated amino acids, respectively, but -B*27 bears only two of the risk
associated amino acids (Table 1), suggesting it binds structurally distinct peptides.

Stepwise conditional analysis revealed independent associations of several polymorphic
amino acids located in HLA-B, with the HLA-B*51 amino acids, threonine at position 97,
glutamic acid at 152, and phenylalanine at 67, associated with risk and the HLA-B*49
amino acid, leucine at 116, associated with protection. Additionally, within HLA-A, two
amino acids present in HLA-A*03, aspartic acid at position 161 and isoleucine at 97, were
protective. Most of these disease-associated amino acid residues of the HLA-B and HLA-A
molecules are located within the antigen binding grooves, which are involved in both
peptide binding and interactions between MHC class | molecules and receptors on cytotoxic
T lymphocytes (CTLs) and natural killer (NK) cells [43]. Interestingly, four amino acid
positions of the HLA-B signal peptide were also found to have genome-wide significance,
with glycine at position —10 found as the amino acid most significantly associated with
disease risk in an analysis of HLA-B*51 non-carriers [43]. Amino acids at positions 67 and
116, and to a lesser extent, 97, critically affect the interactions between the antigen-binding
groove of the HLA-B molecule and KIR3DL1/KIR3DS1, which regulate/activate NK cells
and CTLs [47]. Furthermore, variants of the HLA-B signal peptide also independently
regulate CTL and NK cell activation through binding HLA-E and interactions with C-type
lectin heterodimeric receptors, CD94/NKG2 [48-50]. Taken together with the association of
the endoplasmic reticulum amino peptidase, ERAP1 (see below), the MHC region
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associations implicate both peptide-MHC class | binding and regulation of CTL and NK cell
activation in BD pathogenesis.

3.4. HLA association with disease manifestations

Some studies have reported the association between MHC class | alleles and specific disease
manifestations. A meta-analysis based on 72 studies in 74 study populations revealed
moderate association of HLA-B5/-B*51 with male gender, high prevalence of eye
involvement, skin involvement, and genital ulcers, and low prevalence of gastrointestinal
involvement [51]. Kang et al. reported the association of HLA-B*51 with early onset uveitis
and of HLA-A*26 with high prevalence of posterior uveitis in Korean BD patients [52].
They also reported that HLA-A*02:07, -A*26:01 and -A*30:04 were associated with skin
lesions and arthritis, with uveitis, and with vascular lesions, genital ulcers, and a positive
pathergy test, respectively, by a meta-analysis of the Korean and Japanese populations [53].
HLA-A*26:01 was also associated with poor visual prognosis in Japanese BD patients with
uveitis [54]. These findings suggest MHC class | alleles reflect clinical manifestations and
prognosis, indicating the possibility of a clinical use as a biomarker for diagnostic or
prognostic classification of BD patients.

4. Genome-wide Association Studies

4.1. Background

4.2.1L10

Genome-wide association studies (GWAS) can provide unbiased catalogs of genes
conferring disease susceptibility, using high-throughput genotyping platforms and analysis
of SNPs that constitute much of the 0.1% genetic difference in human genomes [55]. To
date, 8 SNP-based GWAS for BD have been performed in multiple ethnic groups, including
the Turkish, Japanese, Chinese, Korean, and Iranian populations [56-63]. In one study,
performed using DNA pooling technology, no SNPs, not even those located within the
MHC, reached the genome-wide significance level (P < 5.0 x 1078) [58]. Results from the
other studies identified lead SNPs for loci that meet the criteria of P < 5.0 x 1078, which is
generally used as the threshold for genome-wide significance. These significantly-associated
loci are reviewed in this section (Table 2).

IL10 was one of the first two identified BD susceptibility loci with genome-wide
significance outside the MHC from two GWA studies of Turkish and Japanese populations.
Remmers et al. demonstrated an association with an intronic variant, rs1518111, in the
Turkish population, and Mizuki et al. found an association with rs1800871 and rs1800872,
located in promoter region of IL10 [56, 57]. The SNP rs1518111 was replicated in Middle
Eastern Arab, Greek, British, and Korean samples, and rs1800872 replicated in Turkish and
Korean samples [56, 57]. Later study showed replication of rs1518111 and rs1800871 from
407 BD patients and 679 healthy controls in the Han Chinese population [64]. Another
group also replicated the rs1518111 association in the Iranian population [65]. HapMap
Project data show that all three of these variants are in high LD (r2 > 0.9 for all pairs) in both
European and Asian ancestries (HaploReg). The disease risk allele A of rs1518111, the lead
SNP in the Turkish GWAS, is associated with decreased IL10 expression in monocytes by
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35% compared with the non-risk allele G, determined by measuring the allelic imbalance in
heterozygous individuals.

IL10 encodes interleukin (IL)-10, which suppresses the production of proinflammatory
cytokines such as IL-1, IL-6, IL-12, tumor necrosis factor (TNF), and interferon gamma
(IFN-vy), and inhibits the costimulatory activity of macrophages for T cell and NK cell
activation [66, 67]. Homozygosity for the risk allele A of rs1518111 was found to be
associated with lower amounts of IL-10 protein in monocytes from healthy controls
stimulated with Toll-like-receptor ligands, such as lipopolysaccharide (LPS) or the
lipoprotein Pam3Cys and muramy!| dipeptide (MDP) [57]. A recent study reported that IL-10
serum levels in Behget’s disease patients were lower than in healthy controls [68].

4.3. IL23R-IL12RB2

The IL23R-IL12RB2 locus was the second locus with genome-wide significance identified
by two early GWA studies. Mizuki et al. identified association with rs1495965, the lead
SNP in this locus in the Japanese GWAS, which is located in the intergenic region between
IL23R and IL12RB2 [56]. In the Turkish GWAS Remmers et al. identified association with
rs924080, located similarly in the intergenic region between IL23R and IL12RB2, and
obtained genome-wide significance after meta-analysis with the Japanese samples.
However, these variants in the IL23R-IL12RB2 locus were not replicated in smaller Korean,
Middle Eastern Arab, Greek, and British [57] sample collections. A recent study additionally
replicated the susceptibility of the major allele of rs924080 in the Iranian population [65].
These two SNPs are in moderate LD (r2 = 0.63, Table 2) and may detect the same functional
variant in both populations. Interestingly, low frequency missense variants of the IL23R
(p.Arg381GIn in the Turkish population and p.Gly149Arg in the Japanese population) that
reduce its ability to respond to I1L-23 stimulation have been associated with protection from
BD [69], as well as from ankylosing spondylitis (AS) [70, 71], psoriasis [72, 73], Crohn’s
disease [74], ulcerative colitis [75] and inflammatory bowel disease (IBD) [76, 77],
suggesting that the intergenic disease-associated common non-coding variants might be
associated with increased expression of IL23R compared with the disease-protective minor
alleles.

IL23R encodes a subunit of the IL-23 receptor that is expressed on the surface of Th17 cells
and macrophages [78]. IL-23 is a heterodimeric proinflammatory cytokine composed of a
p19 subunit and a p40 subunit, which is shared with IL-12. IL-23 promotes Th17 cell
development and induces the production of proinflammatory cytokines such as I1L-1, IL-6,
IL-17 and TNF. Th17 cells are known to play a key role in neutrophil inflammation and in
autoimmune diseases via IL-17 production and the disease-associated alleles could either
increase IL-23 receptor expression or signaling compared with the disease-protective alleles
[79]. Although the evidence that the disease-associated variants influence BD susceptibility
through their influence on the IL23R is strong, an alternative or additional role for the
variants to influence expression of the other nearby gene, IL12RB2, cannot be excluded.
IL12RB2 encodes IL-12 receptor beta2, a subunit of IL-12 receptor. IL-12 plays an
important role in Thl responses, T cell and NK cell cytotoxicity, and IFN-y production by T
cells and NK cells. IL12RB2 has been reported to be essential for high-affinity IL-12
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binding and IL-12 dependent signaling, and has a crucial role in Th1 cell differentiation
[80]. Although no IL12RB2 or IL23R expression quantitative trait loci (eQTL) data have
been reported for these non-coding variants, the possibility remains that their effects are
exhibited in only in a specific cell type or under certain conditions.

Hou et al. demonstrated the association of BD with rs897200, located 1.8K bp upstream of
the STAT4 gene, by GWAS with genome-wide significance in the Han Chinese population,
including 149 BD cases and 951 controls with replication in an additional 554 cases and
1,159 controls [61]. An imputation study of Turkish GWAS data also reported a genome-
wide significant association of the STAT4 intronic SNP, rs7574070, which is in strong LD
with rs897200 (r2 = 0.90, Table 2), by meta-analysis of the Turkish GWAS, a Turkish
replication cohort, and Japanese samples [59].

STAT4, a signal transducer and activator of transcription, is activated by the signaling
pathway of proinflammatory cytokines, such as IL-12 and 1L-23, and is involved in the
differentiation of naive T cells into Th1l and Th17 cells [81-84]. The risk allele A of
rs7574070 is associated with increased STAT4 gene expression [59] and the risk allele A of
rs897200 is associated with up-regulated expression of the STAT4 gene, increased
transcription and protein expression of IL-17, and higher clinical severity score of BD,
suggesting the risk allele contributes to the development of BD through the up-regulation of
the Th17 pathway instead of the Thl pathway [61].

4.5. TNFAIP3

Li et al. genotyped 5 non-coding SNPs located in the TNFAIP3 locus in 722 Han Chinese
BD patients and 1,415 unrelated matched controls and reported susceptibility of rs9494885
with genome-wide significance [85]. TNFAIP3 encodes the ubiquitin-modifying enzyme
A20, which plays a critical role in the regulation of the NF-«xB signaling pathway, and is
induced by TNF, toll like receptors (TLRs), interleukin 1 receptor (IL-1R), and nucleotide-
binding oligomerization domain containing 2 (NOD?2) signaling [86—89]. However, Li et al.
showed no difference in TNFAIP3 expression among rs9494885 genotypes in peripheral
blood mononuclear cells (PBMCs) from 16 healthy individuals [85]. TNFAIP3
polymorphisms have been reported as susceptibility loci for several other complex genetic
autoimmune diseases with genome-wide significance, such as rheumatoid arthritis (RA) [90,
91], multiple sclerosis [92], systemic lupus erythematosus (SLE) [93], psoriasis[94],
ulcerative colitis, and IBD [95]. A20 (Tnfaip3) deficient mice show several stereotypical
phenotypes of human immune-related diseases, such as lymphocyte-dependent colitis,
seronegative ankylosing arthritis, and enthesitis for IBD [96], ds-DNA antibodies, nephritis,
the antiphospholipid syndrome, and lymphosplenomegary for SLE [97, 98], and polyarthritis
for RA [99].

4.6. CCR1-CCR3

Kirino et al. demonstrated an association between BD susceptibility and a common SNP,
rs7616215 (0.27 allele frequency in Turkish cases and 0.34 in Turkish controls), located 3’
of the CCR1 gene, from an analysis of imputed GWAS data in the Turkish population [59].
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The same SNP allele was also found at a lower frequency in Japanese cases (0.13) than in
Japanese controls (0.16), and a meta-analysis yielded a genome-wide significant result and
suggested that the higher frequency allele is associated with BD risk. Hou et al. preformed a
two-stage candidate gene association study in Han Chinese for the CCR1-CCR3 locus and
identified the association of 3 low frequency SNPs, rs13084057, rs13092160, and
rs13075270 (~0.02 frequency in Han Chinese cases and 0.06 in Han Chinese controls with
genome-wide significance). According to HaploReg all three SNPs are in strong LD in
Asians (pairwise r2 = 0.89) and despite their lower allele frequency, they are also in strong
LD with rs7616215 (pairwise D’ = 0.96). rs13092160 and rs13075270 are located between
and 5’ of both the CCR1 and CCR3 genes and rs13084057 and rs7616215 are located 3’ of
CCR1 . The major alleles of all four SNPs are also associated with disease risk [59, 100].

CCR1 and CCR3 encode C-C motif chemokine receptor (CCR) family members, CCR1 and
CCRa3, respectively, which are composed of 7-transmembrane structures and couple to G-
proteins for signal transduction within cells and serve as key regulators of leukocyte
trafficking and immune system homeostasis [101, 102]. An expression study in human
primary monocytes from healthy controls showed the risk allele T of rs7616215 was
associated with lower expression of CCR1 and this result was replicated in an eQTL
database. In addition, a migration assay of monocytes in response to the CCR1 ligand,
MIP1-a, demonstrated reduced monocyte chemotaxis associated with the BD risk allele T of
rs7616215 [59]. Hou et al. reported that the risk allele T of rs13092160, located between
CCR1 and CCR3, was associated with reduced expression of both CCR1 and CCR3 in
peripheral blood mononuclear cells (PBMCs) from healthy controls [100]. These functional
studies provide a new insight into BD pathogenesis by suggesting that genetically-encoded
host responses associated with impaired clearance of microbial pathogens are also associated
with increased BD risk.

Kirino and colleagues identified the association of rs2617170, a missense variant of KLRC4
(p-Asn104Ser) with BD by meta-analysis of data from Turkish and Japanese populations.
KLRC4 is located in the natural killer complex gene region at 12p13.2-p12.3, which includes
the CD94/NKG2 receptor family and the killer cell lectin-like receptor family genes. This
region exhibited the strongest linkage peak described in a whole genome linkage analysis of
28 Turkish multicase families including 83 BD patients [103].

KLRC4 encodes killer cell lectin-like receptor subfamily C member 4, expressed on natural
killer cells, the function of which has yet to be well described. The haplotype bearing the
BD-risk allele C of rs2617170 was reported to be associated with higher natural cytotoxic
activity of peripheral blood cells than the haplotype with the BD-protective allele,
suggesting an involvement of MHC class | regulated cytotoxicity in BD pathogenesis [104].

Kirino et al. reported a recessive association of rs17482078, a nonsynonymous coding
variant of ERAP1 p.Arg725GlIn, in the Turkish population, but the variant was not
sufficiently polymorphic for recessive evaluation in the Japanese population [59]. This
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association is an example of a strong interaction or epistasis between two genes, as the
ERAP1 effect is limited to individuals with the HLA-B*51 type. The risk allele has a large
effect with an odds ratio of 3.78 in HLA-B*51 carriers.

ERAP1 encodes endoplasmic reticulum aminopeptidase 1, which trims the N-terminus of
proteasome-derived peptides to an optimal length for loading into the antigen-binding
groove of MHC class | molecules [105]. Epistatic associations of ERAP1 p.Arg725GIn with
MHC class | molecules were also observed for psoriasis in HLA-C*06 carriers and for AS in
HLA-B*27 carriers [106, 107]. Interestingly, the rs17482078 missense (GIn) variant of
ERAPL1 is protective for psoriasis and AS but is associated with risk for BD. The BD-
associated ERAP1 p.Arg725GIn variant is found on a haplotype along with several other
protein coding variants [108]. This haplotype has been associated with reduced peptide
trimming activity [109], thus altering the peptides available for MHC class | binding. The
difference between risk and protection conferred by the 725GIn haplotype among these three
diseases may be explained by different binding affinities among specific peptides trimmed
or not trimmed by the ERAP1 variant isoforms for different MHC class | molecules.
Furthermore, these differences suggest the presence of different disease-associated trimmed
peptide antigens for each of the MHC class | molecules. The finding that the association of
rs17482078 was observed only in HLA-B*51 carriers also supports the notion that HLA-
B*51 itself, as opposed to other nearby genes, is directly involved in the pathogenesis of
BD.

Xavier et al. performed a GWAS using DNA pooling of 292 Iranian BD cases and 294 age-
and sex-matched controls and identified an association of rs681343, located in the FUT2
locus. The association reached genome-wide significance after replication in additional
Iranian samples and meta-analysis with Turkish GWAS data [62].

FUT2 encodes fucosyltransferase 2, which plays an important role in the synthesis of H
antigen, the precursor of the ABO-histo-blood group antigen in body fluids and on the
intestinal mucosa [110]. Variants that result in FUT2 deficiency or inactivity fail to express
the ABO-histo blood group antigen in body fluids or in the intestinal mucosa and are thus
termed “non-secretor” alleles. A coding variant, rs601338, which encodes a stop codon at
position 143 of the FUT2 protein, has an allele frequency of 0.43 in individuals of European
ancestry and homozygosity for this allele is the most common explanation for non-secretor
status in individuals of European ancestry. This non-secretor allele is in strong LD with the
BD-associated SNP rs681343 (r2 = 1 in European ancestry), and thus the non-secretor allele
is also associated with BD risk. Secretor status contributes to the development of immune
responses and is associated with the compaosition of intestinal bacterial flora [111]. FUT2
non-secretor associated alterations in mucosal glycosylation and in gut microbiome
composition could increase susceptibility to BD, because non-secretors experience more
limited antigenic stimulation early in life, but alternatively, increased disease risk could be
due to effects of altered oral and gastrointestinal tract flora on local and systemic
inflammation.
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Kirino et al. reported suggestive association of rs1780546, located in the intergenic region
near IL12A, in the Turkish cohort from their imputation study, but the association did not
reach the level of genome-wide significance, and rs1780546 was not polymorphic in the
Japanese cohort [59]. Recently, Kappen et al. conducted a GWAS on 336 cases and 5,843
controls in cohorts of mixed ethnicity and analyzed their data using linear mixed models to
correct for ancestry differences and family structure and/or cryptic relationships [63]. They
also found association of rs1780546 with BD susceptibility and demonstrated genome-wide
association after meta-analysis with previous Turkish GWAS imputation data. Although no
functional study of rs1780546 was reported, IL12A encodes IL-12p35, a subunit of the
heterodimer of IL-12, which plays a crucial role in polarization of the Thl pathway through
differentiation from naive CD4* T cells [80].

In addition, Kappen et al. reported two potential novel associations with genome-wide
significance for two SNPs with low minor allele frequency (MAF), rs8187722 on
chromosome 6, a synonymous variant in SLC22A3, and rs17087141, which maps to a region
containing an uncharacterized non-coding miscRNA LOC400655 on chromosome 18. We
omitted these loci from Table 2 because strong associations of these loci were not reported
in any other GWAS and the replication study MAFs were similar to those reported in
healthy individuals.

5. Rare Variants

Generally, genetic association studies focus on common variants with MAF greater than 5%,
while low frequency (1% < MAF < 5%) and rare variants (MAF < 1%) are excluded from
the association test, because of inadequate power to evaluate the effects in studies of a few
thousand individuals. However, unlike disease-associated, hon-coding, common SNPs,
whose functional effects and roles in disease susceptibility are difficult to explain, rare
coding variants are likely to be enriched for variants that influence protein structure and
function.

Kirino et al. performed a targeted deep exonic resequencing study to analyze
nonsynonymous coding variants using pooled DNAs from independent Turkish and
Japanese populations including 384 BD cases and 384 controls of each population, then
validated the variants in 2,461 BD cases and 2,458 controls. Results of gene-wise burden
tests revealed association of the combined rare and low frequency nonsynonymous variants
of IL23R, TLR4 and NOD2 with BD susceptibility. The variant of IL23R, p.Arg381GlIn,
observed in the Turkish population partially explained the protective effect of the minor
allele variant of the reported common SNP rs924080 association in the Turkish population
(r2 = 0.07 and D’ = 0.90), while the protective p.Gly149Arg variant observed in the
Japanese population is independent of the previously reported disease-associated common
variant rs1495965 in the Japanese population. Two of the identified TLR4 variants,
p.Asp299Gly and p.Thr399lle, were previously reported associated with hyporesponsiveness
to endotoxin and [112]. Three of the identified NOD2 coding variants, p.Arg702Trp,
p.Gly908Arg, and p.Leu10007fs are associated with Crohn’s disease and are predicted to
reduce response to MDP by computational protein analysis [69].
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The familial Mediterranean fever mutation, MEFV p.Met694Val, by itself achieved genome-
wide significance (P = 1.79 x 10712) in its association with BD in the Turkish population
[69]. This variant was not seen in the Japanese population, nor was an association of the
combined MEFV rare and low frequency variants found in Japanese BD. MEFV encodes
pyrin, which regulates IL-1p production activated by caspase-1 through the activation of an
inflammasome. FMF is a systemic autoinflammatory disorder, caused by recessively
inherited mutations in MEFV. It shares some clinical characteristics with BD, such as
unprovoked episodes of inflammation, recurrence, and good response to colchicine [113].
Heterozygosity for the MEFV Met694Val mutation is significantly associated with BD risk
in the Turkish population [69].

6. Genetic risk sharing among immune related diseases

Disease susceptibility loci have been identified by GWAS performed in several immune-
related diseases (Table 3). Although the ability to detect loci that exceed genome-wide
significance varies according to the number of individuals included in the study and the
allele frequencies of the disease-associated variants, there is a striking overlap of disease
susceptibility loci. The overlap of susceptibility genes and the direction of the variant effect
can help to elucidate the pathogenesis of both BD and other immune-related diseases. The
MHC region shows the strongest association among immune-related diseases. Seropositive
diseases such as RA, Kawasaki disease, Sjogren syndrome, systemic sclerosis, systemic
lupus erythematosus, and anti-neutrophil cytoplasmic antibody-associated vasculitis, show a
strong association with MHC class Il but not with MHC class I. On the other hand,
seronegative diseases such as AS, psoriasis, psoriatic arthritis, Takayasu’s arthritis, and
seronegative RA; and the non-rheumatic inflammatory diseases, such as Crohn’s disease,
show strong association with MHC class | but not with MHC class 11 [95]. BD can also be
considered one of the sero-negative diseases with a strong MHC class | (HLA-B*51)
association. HLA-B*27, which is well known as the major MHC class | susceptibility
molecule for AS [114] and for inflammatory bowel disease and psoriasis when accompanied
by spondylitis [115, 116], is also associated with BD [43].

Among the reported susceptibility genes for BD, STAT4 is the most shared among immune-
related diseases, although different independent variants are associated with the different
immune- related diseases [59]. At the other extreme, there are no other immune-related
diseases with a reported association with KLRC4 and MEFV at genome-wide significance so
far [91, 117]. Smaller candidate gene studies have provided, however, suggestive evidence
of MEFV as a susceptibility locus for AS [118] and inflammatory bowel disease [119] in the
Turkish population in which FMF mutations are common. BD shares susceptibility genes
such as STAT4, TNFAIP3, IL23R, IL12RB2, I1L10, ERAPL, and FUT2 with IBD. These
diseases also share many clinical manifestations such as oral ulcers, erythema nodosum,
uveitis, arthritis, and ulcers of the colonic and ileocecal mucosa, as well as effective
therapeutic agents [120].

Interestingly, among immune-related diseases, the effects of some shared susceptibility
variants are known to be associated with the opposite effect on disease risk.
Nonsynonymous variants of TLR4, p.Asp299Gly and p.Tr399lle, predicted to reduce
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response to LPS, and of NOD2, p.Arg702Trp, p.Gly908Arg, and p.Leul007fs, predicted to
reduce response to MDP, are protective for BD, but are associated with risk for Crohn’s
disease [69, 121, 122]. A similar discrepancy is also seen in the interaction between MHC
class I and the coding variant of ERAP1, p.Arg725GIn, which increases the risk for BD, but
is protective for AS and psoriasis, as described in 4.8. [59, 106, 107]. These findings suggest
the causative peptides for each disease are different among MHC class | associated diseases.

7. Conclusion
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Figure 1. The MHC class | molecule, HLA-B, showing BD-associated amino acid positions
A 3D model of the HLA-B molecule drawn by PyMol using 1E27, protein data of HLA-

B*51:01 from the Protein Data Bank. The pink line shows a peptide antigen in the antigen-
binding groove of the HLA-B molecule. Red indicates amino acids with genome-wide
significant association (P < 5 x 1078) with BD from [43].
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Figure 2. Immunogenetic findings and the pathogenesis of Behget’s disease
Reported susceptibility genes and functions of risk alleles were described [42, 43, 56, 57, 59,
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