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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
vd T cells [2] (Fig. 8.1). Specifically, the infiltrating CD4+ T cells demonstrate a Ty1/
Ty17 phenotype. Compared to healthy controls, TA patients show increased concen-
trations of IL-2, IL-2R, IL-12, IL-23, IFNy, TNFa, IL-1RA, and IL-17A. Moreover,
CD4+ T cells that produce either IL-17A or IFNy 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 FCGR2A

{ coasT { HLA-DR cD8+ T. NK‘ Macrophage

LILRB3

IL-12

} Tl f Tu17 | 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 Ty1/Ty17
cell differentiation. IL-6 is required for Tyl7 differentiation. HLA-DRBI is a late activation
marker of CD4+ T cells, and HLA-DRBI1 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 y8 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: 7,/ T helper 1 cell, T5/7 T helper 17 cell,
aT,, activated regulatory T cell, DC dendritic cell, NK natural killer cell, 7' T cell, /L 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 yd T cells than healthy controls and a higher proportion of y6 T
cells that produce IFNy [6]. Increased apoptosis of arterial cells has been described in
TA, potentially mediated by perforin, which is released by infiltrating CD8+ T cells,
vS 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, yd 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-DRBI1*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, [19-29, 32-34]
European-American, Greek, Korean

HILA-B *39 Japanese [33]

HILA-B *67-01 Japanese [31, 32]

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

DPBI

HILA- *17-01 Han Chinese [36]

DPBI

HILA- *0103 Japanese [34]

DQAI

HILA- *0601 Japanese [34]

DQOBI

HILA- *15-02 Japanese [33, 34]

DRBI

HLA- *07 Han Chinese [35]

DRBI

HLA- *15-02 Korean [26]

DRBI

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 ILI2B (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 /L1 and ILIRN polymorphisms were analyzed in
a Mexican cohort [38]. Significant associations between TA and multiple genotypes
within /LI and ILIRN 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 PONI (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

Risk allele/

Gene Variant genotype Ethnicity Study type Reference
IL1 rs3811058 | C Mexican Candidate gene [38]
ILI rs3811058 | TC Mexican Candidate gene [38]
ILIRN rs315952 C Mexican Candidate gene [38]
ILIRN rs315951 G Mexican Candidate gene [38]
ILIRN rs419598 TT Mexican Candidate gene [38]
ILIRN rs315952 TC Mexican Candidate gene [38]
IL2 rs2069762 | TT Turkish Candidate gene [37]
IL6 rs1800795 | GG Turkish Candidate gene [37]
ILI2B rs3213113 | CC Turkish Candidate gene [37]
PONI1 rs854560 A Mexican Candidate gene [39]
PONI rs705379 T Mexican Candidate gene [39]
FCGR2A/ rs10919543 |G Han Chinese | Candidate gene [48]
FCGR3A
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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
PDCDI (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
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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 x 107%), RPS9/LILRB3
(rs11666453, OR, 1.6; p, 2.34 x 107%), and a locus on chromosome 21q22, near
PSMG1 (rs2836878, OR, 1.8; p, 3.62 x 10719 (Table 8.3) [42]. The cytokine
IL-6 plays a role in T-cell differentiation. It is required for Ty 17 differentiation,
and also inhibits T, differentiation, which may play a role in the increased
Ty17 and decreased T, populations seen in active TA [3, 43]. Because the asso-
ciated SNP rs2069837 is found within an enhancer region of /L6, 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 x 107?) and IL12B (rs56167332,
meta-analysis OR, 1.54; p, 2.18 x 107 [24]. The FCGR2A/FCGR3A

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

Risk

Gene Variant allele Ethnicity Study type Reference

IL6 rs2069837 A Turkish/European | GWAS [42]
American

RPSY/LILRB3 rs11666543 |G Turkish/European | GWAS [42]
American

Chr21q22 rs2836878 G Turkish/European | GWAS [42]
American

FCGR2A/ rs10919543 |G Turkish/European | ImmunoChip [24]

FCGR3A American Array

HLA-DRB1/ rs113452171 |C Turkish/European | ImmunoChip [24]

HILA-DQAI American Array

HLA-B/MICA rs12524487 | T Turkish/European | ImmunoChip [24]
American Array

ILI2B 156167332 | A Turkish/European | ImmunoChip [24]
American Array

ILI2B rs6871626 A Japanese Exome Array [27]

Only variants identified with a genome-wide level of significance are included (p < 5 x 107%). 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 HLADRBI/HLADQAI locus (rs113452171, OR, 2.34; p,
3.74 x 107% rs189754752, OR, 2.47; p, 4.22 x 107°) 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 ILI2B (rs6871626, meta-analysis OR, 1.76; p, 1.7 x 10~") locus
was described [27]. This genetic variant is in strong linkage disequilibrium with
1s56167332, the index SNP in /LI2B associated with TA in the ImmunoChip study
described above [24] (Figs. 8.1 and 8.2). In Japanese patients, the /L/2B 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 x 1077). This same study validated the well-described association with HLA-
B*52 (OR, 2.44; p, 2.8 x 1072").

Both of these genotyping studies identified polymorphisms in /L/2B 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 Tyl
differentiation, and IL-23 is important for Ty17 cell maintenance; furthermore,
both cell types are increased in active TA [45, 46]. As part of the Tyl response,
IL-12 activates IFNy production and related signaling cascades; moreover,
IL-12-stimulated PBMCs have been shown to inhibit angiogenesis by inhibiting
endothelial cell growth in an IFNy-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 ILI2B (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 2122 [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 x 1071%) [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 x 107%) [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 x 1077). Moreover, GCA
was found to be predominantly HLA class II mediated, significantly associated with
the HLA-DRBI/HLA-DQAI 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 ILI2B 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 /L/2B (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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