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Uveitis is the most common form of intraocular inflammatory disease and is a significant cause of visual impairment worldwide.
Aetiologically, uveitis can also be classified into infectious uveitis and non-infectious uveitis. The common non-infectious forms of
uveitis include acute anterior uveitis (AAU), Behcet's disease (BD), Vogt-Koyanagi-Harada (VKH) disease, birdshot chorioretinopathy
(BSCR), sarcoid uveitis. In addition, a few monogenic autoinflammatory disorders can also cause uveitis, such as Blau Syndrome and
haploinsufficiency of A20 (HA20). Although the exact pathogenesis of non-infectious uveitis is still unclear, it is well-recognised that
it involves both genetic and environmental risk factors. A hallmark of uveitis is its strong associations with human leucocyte
antigens (HLA). For examples, AAU, BD and BSCR are strongly associated with HLA-B27, HLA-B51, and HLA-A29, respectively. In
uveitis studies, multiple GWAS have successfully been conducted and led to identification of novel susceptibility loci, for example,
IL23R has been identified in BD, VKH and AAU. In this review, we summarize the latest progress on the genetic associations of both
HLA and non-HLA genes with major forms of uveitis, including AAU, BD, VKH, BSCR, sarcoid uveitis, Blau Syndrome and HA20, and

potential future research directions.
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INTRODUCTION

Uveitis is the most common form of intraocular inflammatory
disease, leading to 5-10% of visual impairment worldwide [1].
Uveitis can be anatomically classified into anterior uveitis,
intermediate uveitis, posterior uveitis, and panuveitis. In addition,
according to aetiological factors, uveitis can also be classified into
infectious uveitis and non-infectious uveitis. Of the two categories,
non-infectious uveitis is the most commonly seen and important
type, and includes acute anterior uveitis (AAU), Behcet's disease
(BD), and Vogt-Koyanagi-Harada (VKH) disease [2]. Although the
exact pathogenesis is still unclear in many forms of uveitis, it is
well-recognised that non-infectious uveitis involves both genetic
predisposition and environmental risk factors [3].

Strong associations of human leucocyte antigens (HLA) with
different forms of uveitis have been identified since the early
1970s [4]. With advances in sequencing and genotyping
methodology, genetic studies have enhanced our understanding
of the disease aetiology. Over the past decade, genome-
wide association study (GWAS) in particular has proven to be a
powerful and robust method to identify genetic associations
with complex diseases, particularly immune-mediated diseases [5].
The discoveries of novel associations between genomic
variants and diseases not only has provided new insights into
biological pathways [5], but can also lead to clinical translational
applications in diagnosis, prevention, and treatment. This review
will summarize the latest progress on the genetic associations of
HLA and non-HLA genes with major forms of uveitis, including
AAU, BD, VKH, birdshot chorioretinopathy, sarcoid uveitis, and
Blau Syndrome.

ACUTE ANTERIOR UVEITIS
Acute anterior uveitis (AAU) is the most common type of uveitis,
characterized by episodic, typically unilateral, sudden-onset,
inflammation of the iris and/or ciliary body. lts clinical presenta-
tions encompass pain, eye redness, photophobia, and blurred
vision, associated with cellular infiltration and fibrin formation in
the anterior chamber (AC). Episodes last a mean of 6-8 weeks [6].
Recurrent episodes can lead to synechiae formation, glaucoma,
and visual impairment/loss. AAU is frequently associated with
spondyloarthropathies, such as ankylosing spondylitis (AS),
psoriatic arthritis, and inflammatory bowel disease [7]. For
example, Wang et al. investigated a total of 202 patients
presenting with AAU who underwent clinical and radiographic
(CT) screening for sacroiliitis, and found that 80 (39.6%) had AS [8].
Multiple lines of evidence from humans indicate that genetic
components play a critical role in AAU. Derhaag et al. found that
the prevalence of AAU in HLA-B27-positive first-degree relatives of
AAU patients was 13%, significantly higher than the frequency of
1% in the HLA-B27-positive individuals without affected relatives,
indicating high familiality [9]. Recently, our group’s GWAS for AAU
demonstrates that AAU is a highly heritably disorder [10]. The
contribution of common genetic variants to overall disease risk
(‘common variant heritability’) was ~04 in the comparison
between AS patients with AAU and AS patients without AAU
[10]. Interestingly, in the comparison between AS patients with
AAU and controls, the estimated heritability reached 0.7 [10].
AAU is strongly associated with human leucocyte antigen (HLA)-
B27. The association between HLA-B27 and AAU was originally
reported in 1973 and remains one of the strongest human
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HLA-disease associations [4]. The prevalence of HLA-B27 among
AAU patients reaches 80% [8], whereas it is only ~6% in general
populations [11]. In 2015, Robinson et al. reported the prevalence
of HLA-B27 was 81.8% (613 of 749 patients) in the group with AS
and ophthalmologist-diagnosed AAU and 92.0% (633 of 688
patients) in the group with AS and self-reported AAU [12]. Another
larger genetic study reported the frequency of HLA-B27 in the AS
patients with AAU was 92.7% (1307/1409), and the prevalence was
76.4% (1296/1695) in the cohort of AS patients without AAU [13].
A recent analysis of British patients receiving biologic medications
for AS found that 23.5% of patients reported AAU, and that HLA-
B27 was associated with an increased risk of AAU complicating AS
(HLA-B27 carriage in overall cohort 80.1%, in those with AS and
AAU, 88.7%) [14].

Whilst the strongest genetic association of AAU is with HLA-B27,
there is strong evidence for the involvement of other HLA alleles
with AAU. The development of methods by which HLA alleles can
be accurately imputed from SNP microarray data has greatly
facilitated this research, providing a low cost and highly accurate
HLA typing method enabling large sample sizes to be studied, and
at the same time, for variation in ethnicity (‘population stratifica-
tion) to be assessed and controlled for. Using the Illumina
Immunochip Infinium microarray [15], Robinson et al. conducted
genetic analysis between AAU and healthy control subjects found
significant association over HLA-B, corresponding to the HLA-B27
tag SNP rs116488202 [12]. Further analysis showed that HLA-B27
homozygotes were at increased risk compared with heterozygotes
(odds ratio 1.8, 95% Cl 1.3-2.2). Another study conducted by
comparing AS patients with AAU versus healthy controls
demonstrates that HLA-B27 and HLA-A*0201 were strongly
associated with AAU using lllumina Exomechip microarray [13].
A large direct genotyping study confirmed the association of HLA-
B27 with an increased risk of AAU amongst AS patients, including
in African ancestry patients, and suggested a protective associa-
tion of HLA-B*08 for AAU amongst AS cases (odds ratio 0.48, P =
10~%) [16]. Whether these non-HLA-B alleles are directly associated
with AS or reflect association of other major histocompatibility
complex genes is unclear at this point.

In addition to HLA-B, SNP microarray studies have reported the
association of 3 non-MHC loci with genome-wide significance (P <
5x1079), including ERAP1, IL23R and one intergenic region (2p15).
Suggestive level of significance (P<5x10 % was also been
observed with SNPs in five additional loci, including IL710-IL19,
IL18R1-IL1R1, IL6R, 1932, and a retinal-related gene EYS [12].
Candidate-gene association studies have reported nominal SNP
associations in Interleukins (ILs) genes and tumour necrosis factor
(TNF) genes correlated with anterior uveitis [17-19]. Another key
component is the complement system, which is also involved in
innate immunity and inflammatory responses. Genetic associa-
tions of complement factor H (CFH), complement factor B (CFB),
complement factor | (CFl) and complement factor H related 2
(CFHR2) have been reported [8, 20-23]. Notably, CFB localizes to
the MHC class Il region. These complement genes and the TNF
gene are in strong linkage disequilibrium with HLA-B27, and their
association is likely to have been substantially if not completely
driven by HLA-B27 carriage differences between cases and
controls. As with most candidate gene association studies, the
analysis for these studies did not control for potential population
stratification effects either, and thus differences in the ethnic
makeup of cases and controls studied could have affected the
results.

Recently, our group applied GWAS to characterise the
genetic associations of AAU, on the basis of comparing 2752
AS patients with AAU versus 3,836 AS patients without AAU.
This study identified one locus associated with AAU at
genome-wide significance, rs9378248, lying close to HLA-B. HLA
imputation demonstrated HLA-B*27 (P=1.86x10*) was the
most significantly associated allele with AAU. Suggestive
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association (P>5x 1078 but < 1x107>) was observed at eleven
additional loci, including previously reported AS loci ERAP1
(rs27529) and NOS2 (rs2274894). In addition to these discoveries,
association was seen at loci not previously known to be associated
with AAU or AS, including MERTK, KIFAP3, CLCN7, ACAA2 and five
intergenic loci [10]. The summary data-based Mendelian rando-
mization (SMR) for AAU with eQTL was performed to determine
the most likely causal genes at associated loci. Interestingly, the
most significant signals were ERAPT and MERTK. These findings
suggest that ERAPT and MERTK are the most functionally relevant
genes among those loci [10].

Our analysis for the first time showed that genome-wide
polygenic risk scores (PRS) have strong power in identifying
individuals at high risk of either AS with AAU or AS alone. In the
comparison of patients with AS with AAU (AS + AAU+) versus
controls, genome-wide PRS has higher discriminatory capacity
(AUC=0.96) than computing PRS using HLA-B27 alone (AUC =
0.92) [10]. Assuming the prevalence of AS + AAU+ cases is 0.3%
among the general population, individuals in the top 10% of
genetic risk had an estimated genetic risk of developing AS with
AAU of 10.1%, and those in the bottom 85% had <0.1% chance of
developing the disease (Fig. 1) [10]. Considering the situation in
outpatient clinics and assuming the prevalence is 20%, those in
the top 10% and top 5% of genetic risk had an estimated genetic
risk of developing disease of 90.3% for 93.2%, respectively (Fig. 1)
[10]. Similar results were also reported in PRS study of AS cases. In
individuals of European descent, PRS had better discriminatory
capacity (AUC=0.924) better than for HLA-B27 testing alone
(AUC=0.869) or MRI (AUC=0.885) [24]. Assuming a prior
probability for AS of 30% in clinical practice, Li et al reported
the PRS PPV is >80.6% for top 35% of AS cases, showing a higher
maximum value (93.3%) than does HLA-B27 (80.6%) (Fig. 2). The
PRS NPV is >92.4% for 65% of cases, with a higher maximum value
(99.6%) than does HLA-B27 (92.4%) (Fig. 2). These findings
suggested that PRS could assist clinical diagnosis.

A key challenge in these studies is distinguishing associations of
AAU as opposed to of AS. This has largely been achieved using AS
cases who do not yet have AAU as controls. This model though
has two significant weaknesses. Firstly, whilst it is effective at
identifying AAU associations over and above any association the
locus may have with AS, it cannot identify associations of AAU
where the association has similar strength to any association the
locus may have with AS. In that setting, no association is seen in
the comparison of AS with AAU compared with AS without AAU,
despite the locus being associated with AAU. To identify such
associations, GWAS of AAU cases that lack concomitant AS will be
required. Secondly, as many of the AS cases without AAU will
ultimately develop AAU, inevitably some misclassification occurs,
resulting in loss of power. Again, this issue could be resolved by
the study of AAU cases not affected by AS in comparison with
healthy controls.

BEHGET’S DISEASE

Behcet's disease (BD) is a chronic multisystemic inflammatory
disorder characterized by recurrent uveitis, oral aphthae, arthritis,
genital ulcerations, and skin inflammation. BD exists worldwide
but has an ethnic predominance in countries along the ancient
Silk Routes spanning from Asia to the Mediterranean basin,
including China, Japan, Korea, and Turkey. Multiple genetic studies
have provided evidence that genetic risk factors contribute to
disease susceptibility. HLA-B*51 is the most strongly associated
risk factor for BD, which was identified more than four decades
ago and has been confirmed in multiple ethnic populations
[25, 26]. With the exception of the strong association in the HLA
region, multiple candidate gene association studies and GWAS
have discovered non-HLA susceptibility loci and genes for BD.
Herein, we review the progress of GWAS for BD thus far.

Genes & Immunity (2022) 23:57 - 65



. Huang and M.A. Brown

100

90

80

70

60

50

40

Predictive value (%)

30

20

10

0 — —
285 75 125 175 225 275: 325 3785 425 475

Centile

Fig. 1

52.5 57.5 62.5 67.5 72.5 77.5 825

=== NPV (Prevalence 0.003)

-~ PPV (Prevalence 0.003)
NPV (Prevalence 0.2)
PPV (Prevalence 0.2)

87.5 925 975

Positive (PPV) and negative predictive values (NPV) for patients with AS with AAU for centiles of genetic risk scores [10]. The

prevalence of patients with both AS and AAU is assumed to be 0.3% among the general population, and 20% in AS patients attending

rheumatology outpatient clinics.

100+

AS prevalence 30%

901

801

704

60

50+

Predictive value%

40-

30+

204

104

=== HLA-B27 NPV
HLA-B27 PPV
PRS NPV

== PRS PPV

0 10 20 30 40 50

Centile

60 70 80 920 100
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The first preliminary GWAS for BD was conducted in 2009, but
this study was limited by mapping resolution and low detection
power [27]. In 2010, two groups identified novel loci associated
with BD by GWAS. Remmers et al. conducted a GWAS in 1,215
cases and 1,278 healthy controls from Turkey. They confirmed the
association of BD with HLA-B*51 and identified associations at
IL10, IL23R-IL12RB2 and CPLX1 [28]. At the same time, another
group reported similar findings in different population. Mizuki
et al. performed a GWAS in Japanese and also identified
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significant associations with SNPs in IL23R-IL12RB2 and IL10 [29].
Crucially, for the first time, these studies revealed significant SNPs
associations in non-MHC regions. The first GWAS in Chinese
population was conducted in 2012. Although the case sample size
was small (149 cases and 951 controls in the discovery study), this
study reported an association with SNPs in STAT4 at genome-wide
significance, and functional studies indicated its role in disease
pathogenesis through the up-regulation of IL-17 production [30].
This association was intriguing, as STAT4 is part of the signalling
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pathway from IL-12 rather than IL-23. It is known that IL-17-
inhibition with secukinumab is not effective in BD uveitis [31], and
indeed cases of BD developing as an apparent complication of
secukinumab treatment have been reported [32]. This, and the
association of STAT4 with the disease, suggests that IL-12 and the
Th1 pathway is more important in driving BD than is the IL-23
Th17 pathway. Subsequently, Kirino et al. performed imputation
using previously genotyped data. and identified new susceptibility
loci at CCR1, STAT4, KLRC4 and ERAP1 [33]. Additionally, this study
discovered the evidence for interaction between HLA-B*51 and
ERAP1 [33]. This is of particular interest given the known
interaction between HLA-B27 and ERAPT variants in AS [34], and
between HLA-Cw6 and ERAPT variants in psoriasis [35]. In each
case the interaction suggests that variations in antigenic peptide
handling and processing by ERAP genes and HLA-B are involved in
the disease pathogenesis. This study also demonstrated near
genome-wide significant association of IL12A with BD, again
consistent with the hypothesis that this is a Ty1 driven disease.
Another group conducted a GWAS for BD in Korean population.
This study found a significant associations with SNPs in GIMAP
gene cluster, which is involved in T-cell survival, but failed to
replicate the association of the IL23R-IL12RB2 and IL10 loci [36]. In
2017, Takeuchi et al. using the immunogenetically targeted SNP
microarray Immunochip studied the largest BD discovery collec-
tion thus far, comprising 1900 cases and 1,779 controls [37].
This study identified several new susceptibility loci reached
genome-wide significance, IL1A-IL1B, ADO-EGR2, CEBPB-PTPNI,
IRF8, LACC1, and RIPK2. A few loci previously reported for BD
were also replicated, including HLA-B*51, CCR1, ERAP1, FUT2, IL10,
IL12A, IL23R-IL12RB2, and KLRC4 [37]. Pathway analysis showed
these genes were involved in host defence, inflammation, and
immune response. Moreover, this study increased the number of
susceptibility loci known to be shared by BD and inflammatory
bowel disease (IBD). Comparing among subgroups of IBD,
Takeuchi et al. found higher genetic similarity of BD with Crohn’s
disease than with ulcerative colitis [37].

GWAS is a powerful methodology to identify common variants
associated with inflammatory diseases, but not suited for
investigating the roles of rare or low-frequency variants with little
or no surrounding linkage disequilibrium. Kirino et al. performed
targeted resequencing of 21 genes, including 10 genes discovered
by GWAS and 11 genes selected for their role in innate immunity,
to compare the distribution of nonsynonymous variants with MAF
< 1% in BD patients and healthy controls. This study using burden
testing demonstrated suggestive association of /L23R and TLR4
with BD, and demonstrated that the M694V MEFV polymorphism,
which causes the autoinflammatory disease Familial Mediterra-
nean Fever, is associated with BD [38].

VOGT-KOYANAGI-HARADA DISEASE
Vogt-Koyanagi-Harada (VKH) disease is a multisystemic autoim-
mune disorder characterized by bilateral panuveitis as well as
neurological (aseptic meningitis), auditory (hearing loss, vertigo,
tinnitus), and dermatological (vitiligo, poliosis, alopecia areata)
manifestations. VKH disease is one of the most common form of
uveitis in Asians, and is also prevalent in North Africans, Hispanics,
and some natives of South America, whereas it is uncommon in
Caucasians [39]. Gender differences have been observed in most
studies, with females being likely to be affected than males,
although this was no gender bias was observed in east Asian
studies [40]. Although the exact pathogenesis of AAU remains
unclear, recent genetic studies have enhanced our understanding
of the disease aetiology. This review summarizes the main findings
of genes associated with VKH disease.

The first strong association between HLA and VKH disease was
discovered in 1981, namely HLA-DR4 and HLA-DRw53 [41]. The
finding was since then confirmed in different ethnic populations.
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In addition to HLA-DR4 and HLA-DRw53, in certain populations,
other HLA-antigens were also identified to be associated with VKH
disease, such as HLA-DR1, HLA-DQw?7, and HLA-DQ4 [42-44]. With
advances in genotyping methodology, HLA can be defined not
only by serologic typing, but also at the DNA level. Strong
association of HLA-DQA1%*0301, HLA-DQB1*0604, HLA-DRB1*0405
and HLA-DQB1*0401 with VKH disease have been observed in East
Asian [43, 45, 46]. In contrast, HLA-DRB1*0404, DRB1*0102 and
DRB1*0410 were associated with VKH disease in mestizo patients
in Southern California [47], suggesting association of different
HLA-antigens or alleles with VKH disease depending on the
ethnic population. The complexity and magnitude of linkage
disequilibrium across the MHC, and modest size of these studies
has to date precluded definitive identification of the associated
alleles.

In addition, various other non-HLA genes have also been shown
to be associated at nominal levels of significance with VKH disease
by candidate gene association studies. These studies focused on
the association of certain important functional genes involved in
either innate or adaptive immune response. These genes are
related to Killer immunoglobulin-like receptors (KIR), complement
components, pattern recognition receptors, cytokines, chemo-
kines, transcription factors, cell activation and inhibition, apopto-
sis. The first GWAS for VKH, involving 744 Chinese cases and 2,009
healthy controls [48]. This study identified two new susceptibility
loci associated with VKH disease reached genome-wide signifi-
cance, IL23R-Clorf141 (rs117633859) and ADO-ZNF365-EGR2
(rs442309), it being of particular interest that these associations
are shared by uveitis associated with both BD and AAU. These
findings have recently been replicated in a Japanese case-control
candidate gene association study [49]. Hou et al. also demon-
strated association between HLA genes and VKH disease, showing
the strongest association with SNP at HLA-DRB1/DQAT locus
(rs3021304).

BIRDSHOT CHORIORETINOPATHY

Birdshot chorioretinopathy (BSCR) is a chronic, bilateral, auto-
immune posterior uveitis typically affecting middle aged and
elderly individuals of Caucasian origin. BSCR manifests as a severe
progressive intraocular inflammation of the posterior eye seg-
ment, including vitritis, retinal vascular leakage, and cream-
coloured spots at the level of the retinal pigment epithelium
(RPE) or deeper retinal layers. As the spots scattered throughout
the fundus that appear like birdshot from a shotgun, the first use
of the term “birdshot chorioretinopathy” was introduced by Ryan
and Maumenee in 1981 [50]. Unlike AAU, BD and VKH, birdshot
chorioretinopathy is an uncommon form of uveitis, and is
generally considered to be an isolated ocular disorder [51].
Although the strong association of BSCR and HLA-29 has been
well recognised, the immunogenetic mechanisms of BSCR is still
unclear, especially the genetic basis of BSCR. Here we summarize
current knowledge in genetics of the disease, including the
genetic association with HLA-A29 allele.

The association of HLA-A29 with BSCR was first reported almost
four decades ago [52]. The prevalence of HLA-A29 in patients with
BSCR is over 95% and the relative risk for developing disease in HLA-
A29 positive individuals has been estimated to be as high as 224 [53].
Of note, as about 7% of the Caucasian population is HLA-A29
positive, so HLA-A29 is supportive of diagnosis, but not essential for
diagnosis [54]. Consistently, the lack or low incidence of BSCR in
certain Asian populations may be attributable to the low prevalence
of the HLA-A29 allele [55]. HLA-A29 can be divided into more than
20 subtypes, but the most common subtypes in Caucasian
population are HLA-A*29:01 and HLA-A*29:02, which have both
been observed to have a strong association with BSCR [56]. HLA-
A*29:01 and HLA-A*29.02 differ only by a single mutation (G376C/
D102H), hence this does not appear to affect peptide binding
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[57, 58]. In addition, another much rarer allele, HLA-A*29:10, has also
been incidentally reported in BSCR patients [59]. Although it was
hypothesized that the association with HLA-A29 was in fact due to
linkage disequilibrium with the actual casual genes, subsequent
studies have found that short tandem repeats near HLA-A in patients
revealed highly various haplotypes for HLA-A*29:01, A*29:02, and
A*29:10, indicating that the HLA-A29 gene itself confers risk to
developing to BSCR [57, 59].

Recently, a GWAS of Northern Europeans also confirmed the
significant association of HLA-A29 with BSCR. Kuiper et al.
conducted a GWAS in individuals from Dutch and Spanish
populations [60]. As expected, the strongest association signal
was located within the HLA class | region for rs142115394.
Intriguingly, fine-mapping the primary MHC association through
HLA imputation revealed that HLA-A%29:02 was the most
significantly  associated allele with BSCR, while HLA-
A%29:01 showed nominal association [60]. After adjusting for the
HLA-A%29:02 allele, no other classical HLA-A allele was seen to be
significantly associated. These findings suggest that the HLA-A29
effect in BSCR can be primarily attributed to the HLA-A%29:02
allele.

More importantly, this GWAS identified two novel susceptibility
loci at 515 (rs7705093) near three members of the M1 family of
aminopeptidases (ERAP1, ERAP2 and LNPEP) and at 14q32.31
(rs150571175) in the TECPR2 gene [60]. The ERAP1/ERAP2 locus at
chromosome 5qg15 has strong linkage disequilibrium across it,
and has variants with both strong effects on expression as
well as on protein-coding and splice variation [61], making it
challenging to determine primary associations. The authors then
performed eQTL analysis to explore the biological relevance of
the association at 5g15, and found the strongest impact was on
ERAP2 expression, suggesting ERAP2 is the causal gene at
this locus [60]. Functional analysis of ERAP2 protein expression
and an independent replication study further confirmed the
association of ERAP2 with BSCR, suggesting a novel disease
mechanism that affects peptide processing in the endoplasmic
reticulum [60]. Recently, Sanz-Bravo et al. performed label-free
quantitative mass spectrometry to characterize the effects of
ERAP2 on the A*29:02-bound peptidome, which supported that
the association of ERAP2 with BSCR is through its effects on
peptide processing [62]. Of note, Alvarez-Navarro et al. conducted
a study to investigate the influence of ERAP1 polymorphism on
the amounts and features of HLA-A¥*29:02 ligands in human cells.
The resulted showed that ERAP1 polymorphism has a large
influence, shaping the HLA-A*29:02 peptidome [63]. Future
research on BSCR genetics with a larger sample size are needed
to elucidate the roles of non-HLA genes, especially the ERAPI,
ERAP2 and LNPEP genes.

SARCOID UVEITIS

Sarcoidosis is a multi-system chronic inflammatory disease of
unknown aetiology characterized by the formation of non-
caseating granulomas in affected organs, most commonly the
lungs, skin, lymphatics, and eyes. Sarcoidosis is one of the leading
causes of inflammatory ocular disorder. The prevalence of ocular
involvement in different ethnic population ranges from 12.9%
(Turkish) to 79.2% (Japanese) of patients with sarcoidosis [64, 65].
Uveitis is the most frequent form of ocular manifestation and may
affect up to 20-50% of sarcoidosis patients [66]. To date, multiple
studies have demonstrated that genetic factors play an important
role in sarcoidosis. Strong heritability has been demonstrated,
with a study of twins from Denmark and Norway estimating
heritability of sarcoidosis to be 66% [67]. HLA class Il antigens,
HLA-DRB1, and HLA-DQB1, have been identified to be associated
with sarcoidosis [68, 69]. Moreover, GWAS and candidate gene
studies have identified a few susceptibility loci for sarcoidosis,
such as BTNL2, NOTCH4, RAB23, and ANXAT1 [70-72].
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In contrast with these findings on overall sarcoidosis, there are
few studies that have specifically investigated the association
between genetic variants and sarcoid uveitis, with no GWAS yet
published for sarcoid uveitis. Candidate gene studies have largely
examined the associations between the known genes of overall
sarcoidosis and sarcoid uveitis, mostly showing no significant
differences in patients with sarcoid uveitis [73, 74]. Davoudi et al.
identified SNPs in two sarcoid-related genes, RAB23 and ANXATT,
were associated with an increased risk of sarcoid uveitis based on
the comparison of sarcoid uveitis versus sarcoid without uveitis
[75]. Thompson et al. found that CFH Y402H polymorphism
(rs1061170) was associated with sarcoid uveitis by comparing
cases versus sarcoidosis-free controls [76]. CFH is known to be
strongly associated with age-related macular degeneration. Other
associations have been identified with SNPs in HSPAIL (also
known as HSP70-HOM), IL23R, and IL10, although these have only
been at nominal levels of significance [77-79]. Although these
studies are all based on small sample size and lacking
independent replication, the findings suggest the shared aetiol-
ogy in sarcoid uveitis and other forms of uveitis. Future studies are
necessary to reveal both specific associations and associations
shared with overall sarcoidosis and other types of uveitis.

MONOGENIC AUTOINFLAMMATORY DISORDERS WITH UVEITIS
In addition to polygenic autoinflammatory diseases, a few
monogenic autoinflammatory disorders can also cause uveitis.
Herein, we introduce the genetic findings of Blau Syndrome and
haploinsufficiency of A20.

Blau Syndrome

Blau Syndrome (BS) is a rare monogenic autoinflammatory disease
characterized by recurrent non-caseating granulomatous sym-
metric arthritis, dermatitis, and uveitis. In 1985, BS was firstly
reported by Dr Blau, describing a dominant pedigree with
paediatric onset of granulomatous uveitis, arthritis, and dermatitis
[80]. BS is caused by mutations in the NOD2 gene (also named
CARD15), encoding nucleotide binding oligomerization domain
containing 2, with autosomal dominant inheritance pattern [81].
NOD2 genetic variants are associated with Crohn’s disease [82],
and to a lesser extent with AS, psoriasis and ulcerative colitis [83].
Mutations in NOD2 can also lead to early-onset sarcoidosis (EOS)
[84]. Because of the striking clinical similarities and genetic
background between BS and EOS, some researchers proposed
that BS and EOS are the familial and sporadic forms, respectively,
of the same disease [85]. On the other hand, some authors
suggested to classify these patients as sporadic BS caused by de
novo mutations in NOD2 gene, using the term EOS to those
patients without NOD2 mutations [86]. Currently, more authors
proposed that BS and EOS are the same non-caseating
granulomatous inflammatory disease, respectively defined as the
familial and sporadic forms [87, 88]. Although the prevalence and
incidence of BS still remains unclear, more than 200 cases of BS
have been reported worldwide by 2017 in the literature [89].
Reported mutations are mainly located in the NACHT domain, and
might decrease the threshold for spontaneous oligomerization of
NOD2. Among those NOD2 mutations, R334W and R334Q are the
most frequent mutations, suggesting codon 334 as a genetic hot
spot for mutations [90]. Due to the complexity of clinical
manifestations of BS, genetic analysis can significantly assist early
diagnosis and treatment.

Haploinsufficiency of A20

Haploinsufficiency of A20 (HA20) is a monogenic autoinflamma-
tory disease with phenotypes resembling BD, caused by hetero-
zygous mutations in TNFAIP3 gene, which encodes the NF-kB
regulatory protein A20. In 2016, HA20 was firstly reported by Zhou
and colleagues, describing six unrelated families with early-onset
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Table 1. Overlaps between genetic associations (achieving genome-wide significance) across the different forms of uveitis.

Locus Chr AAU BD VKH BSCR Sarcoid uveitis
ADO-EGR2 10 rs224127/A rs442309/T
OR=1.27 [99] OR=1.37 [48]
CFB 6 rs1048709/A rs1048709/A
OR=1.99 [21] OR = 1.49 [100]
CFH 1 rs800292/G rs1061170/C
OR=12.10 [101] OR=1.72 [76]
ERAP1-ERAP2-LNPEP 5 rs2032890/A rs17482078/TT rs7705093/T
OR=1.51[102] OR =4.56 [33] OR =23 [60]
IL10-IL19 1 rs17351243/A rs1518111/A rs1800871/TT
OR=1.24 [102] OR=1.41 [28] OR=1.67 [79]
IL23R 1 rs79755370/C rs924080/A rs117633859/G rs11465804/G
OR=1.80 [102] OR=1.31 [28] OR = 1.82 [48] OR=0.11 [78]
STAT4 2 rs7574070/A rs7574865/T
OR=1.27 [33] NA [103]
TRAF5 1 rs12569232/C rs12569232/G rs12569232/C
OR=0.34 [104] OR=1.48 [105] OR=0.44 [105]

systemic inflammation [91]. Using whole-exome sequencing and
targeted sequencing, Zhou et al. identified three nonsense
mutations and three frameshift mutations in TNFAIP3 gene [91].
Since then, patients with HA20 were reported in different
populations.

Because of the clinical similarities with BD, the majority of
patients (>70%) were initially diagnosed or suspected of having
BD [92]. Thus, it is of importance to recognise clinical character-
istics that can assist to differentiate HA20 from BD. By comparison
of clinical features between HA20 and BD, recent studies revealed
a few specific features of HA20, including early-onset, autosomal
dominant pedigree, recurrent fever, gastrointestinal involvement,
and isolated anterior uveitis or retinal vasculitis [92-94]. Addition-
ally, response to colchicine in HA20 is less frequent than in BD
[95]. Thus, genetic testing of TNFAIP3 gene is necessary to make
molecular diagnosis for patients with HA20. Notably, as HA20 is a
newly recognised autoinflammatory disease, prospective descrip-
tion of large cohort of patients with HA20 is essential to expand
the knowledge in the future.

CONCLUSIONS AND FUTURE DIRECTIONS

Recent advances in molecular methods and genetic research
methodology has greatly expanded our knowledge about the
genetic basis of uveitis. Multiple studies have identified that
genetic variants were associated with uveitis through influencing
the expression of genes or the functions of gene products. These
findings also have shed light on the disease mechanisms and
clinical translational applications. Despite all these advances,
research in this area is still facing considerable challenges.

A major reason is that uveitis is a diverse group of
heterogeneous diseases characterized by different clinical findings
involving both ocular and extraocular sites. Therefore, for most
forms of uveitis the sample sizes studied to date by GWAS have
only been large enough to robustly identify major genetic effects.
Consequently, identified uveitis-related loci only account for a
small fraction of the genetic basis of uveitis, indicating most of the
causal genes of uveitis have yet to be discovered.

Another approach which has proven productive in other
common heritable diseases is to investigate shared associations
between diseases of overlapping aetiopathogenesis [83, 96]. As
highlighted in this review, there is strong evidence both clinically
and genetically of overlap between different forms of uveitis
(Table 1) and other non-ocular diseases for which large genetic
datasets are available, such as between sarcoidosis, inflammatory
bowel disease, and AS. There is also suggestive evidence of shared
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genetic features between different forms of uveitis. In Table 1,
most of these SNPs were in linkage disequilibrium and the risk
alleles were in the same direction. For examples, in the ADO-EGR2
Locus, rs224127 of BD was in very strong linkage disequilibrium
with rs442309 of VKH (D'=1; R*=0.867), and showed the
consistent direction of effect (OR > 1). In the CFB locus, the same
SNP (rs1048709) for AAU and VKH, also showed the same direction
of effect (OR>1). Searches for pleiotropic associations across
these disease-types would seem likely to be productive in
identifying novel associations with uveitis.

The step of translating GWAS findings to functionally relevant
understanding has been greatly aided in recent times by the
development of Mendelian randomisation approaches, using
GWAS data from disease studies to investigate potential causative
relationships between diseases, traits and other measures,
including epigenetic, immunological, proteomic and transcrip-
tomic data [97, 98]. Very few studies in uveitis genetics have
employed this approach, despite in some diseases sufficiently
large datasets being available to employ it. This would seem a
potentially valuable avenue for future research in this field.

Ultimately though, much larger sample sizes need to be studied
to properly dissect the genetics of these conditions. Given the
huge unmet need for therapies for these vision- and in some cases
life-threatening diseases, international collaboration to achieve
the requisite sample sizes appears called for. With genotyping
costs having now fallen to quite low levels, the limiting factor in
performing these studies is case recruitment. Given that most of
these diseases are managed in specialised units in major hospitals,
this is surely surmountable. If sufficiently large case cohorts are
recruited for genetic studies, the record so far both in immune-
mediated diseases overall, and in uveitis itself, shows that it is
likely that information gleaned from these hypothesis-free studies
will provide valuable information about the pathogenesis of these
diseases, and point to potential treatments.
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