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Abstract

Objective. To identify and characterize genetic loci associated with the risk of developing ANCA-associated vas-
culitides (AAV).

Methods. Genetic association analyses were performed after lllumina sequencing of 1853 genes and subsequent
replication with genotyping of selected single nucleotide polymorphisms in a total cohort of 1110 Scandinavian
cases with granulomatosis with polyangiitis or microscopic polyangiitis, and 1589 controls. A novel AAV-associated
single nucleotide polymorphism was analysed for allele-specific effects on gene expression using luciferase reporter
assay.

Results. PR3-ANCA™" AAV was significantly associated with two independent loci in the HLA-DPB1/HLA-DPAT re-
gion [rs1042335, P=6.3 x 10°®', odds ratio (OR) 0.10; rs9277341, P=1.5x10"*, OR 0.22] and with rs28929474
in the SERPINAT gene (P=2.7 x107'°, OR 2.9). MPO-ANCA" AAV was significantly associated with the HLA-

1Depar‘(ment of Medical Sciences, 2Science for Life Laboratory,
Department of Medical Biochemistry and Microbiology, Uppsala
University, Uppsala, Sweden, 3Broad Institute of MIT and Harvard
University, Cambridge, MA, USA, 4Depar’(ment of Biochemistry and
Biophysics, National Bioinformatics Infrastructure Sweden, Science
for Life Laboratory, Stockholm University, Stockholm, 5Department
of Cell and Molecular Biology, National Bioinformatics Infrastructure
Sweden, Science for Life Laboratory, Uppsala University, Uppsala,
6Depar‘cmen'{ of Public Health and Clinical Medicine, Umeé&
University, Umed, Sweden, “Copenhagen Lupus and Vasculitis
Clinic, Center for Rheumatology and Spine Diseases, Copenhagen
University Hospital, Rigshospitalet, Copenhagen, Denmark,
8Department of Rheumatology, Oslo University Hospital,
9Department of Rheumatology, Martina Hansens Hospital, Oslo,
Norway, "°Department of Medicine, Division of Rheumatology,
Karolinska Institutet, Stockholm, ''Unit of Rheumatology,
Karolinska University Hospital, Stockholm, 12Department of Health,
Medicine and Caring Sciences, Linkdping University, Linkdping,
3Department of Renal Medicine, Karolinska University Hospital and
CLINTEC Karolinska Institutet, Stockholm, '“Department of Clinical
Sciences, Division of Nephrology, Lund University and Sk&ne
University Hospital, '°Department of Clinical Sciences Lund,
Section of Rheumatology, Skane University Hospital, Lund
University, Lund, Sweden, ®Department of Medicine, University of
Cambridge, Cambridge, UK, 7Center for Clinical Research Dalarna,
Uppsala University, Uppsala, '®Department of Rheumatology and

Inflammation Research, Institution of Medicine, Sahlgrenska
Academy at University of Gothenburg, Gothenburg, '°Department
of Clinical Immunology and Transfusion Medicine, Sahlgrenska
University Hospital, 2°Department of Molecular and Clinical
Medicine/Nephrology, Institute of Medicine, the Sahlgrenska
Academy, University of Gothenburg, Gothenburg, 2'Department of
Rheumatology, Orebro University Hospital, Orebro, Sweden,
22Clinical Immunology Unit, Department of Internal Medicine,
Stavanger University Hospital, Stavanger, 2°Department of Clinical
Science, 2*Broegelmann Research Laboratory, Department of
Clinical Science, University of Bergen, Bergen, Norway,
25Department of Biomedical and Clinical Sciences, Division of Cell
Biology and 2®Department of Biomedical and Clinical Sciences,
Division of Inflammation and Infection, Link&ping University,
Linkdping, Sweden

Submitted 31 July 2021; accepted 1 December 2021
Correspondence to: Johanna Dahlqvist, Department of Medical

Biochemistry and Microbiology, Uppsala University, Box 582, SE-751
23 Uppsala, Sweden. E-mail: Johanna.dahlgvist@imbim.uu.se

*Diana Ekman and Bengt Sennblad contributed equally to this study.

© The Author(s) 2021. Published by Oxford University Press on behalf of the British Society for Rheumatology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use,

distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

$€/8/1 9/21014e/ABOj01BWINSYI /W00 dNodlWepeoe//:sdiy Woll papeojumod

€20z AN |1 uo Jasn AjisiaAlun e


https://orcid.org/0000-0002-6283-644X
https://orcid.org/0000-0001-8259-3863
https://orcid.org/0000-0002-9752-9941
https://orcid.org/0000-0002-7169-6936

Johanna Dahlqvist et al.

DQB1/HLA-DQA2 locus (rs9274619, P=5.4x10"25, OR 3.7) and with a rare variant in the BACH2 gene
(rs78275221, P=7.9x 1077, OR 3.0), the latter a novel susceptibility locus for MPO-ANCA™ granulomatosis with
polyangiitis/microscopic polyangiitis. The rs78275221-A risk allele reduced luciferase gene expression in endothelial
cells, specifically, as compared with the non-risk allele.

Conclusion. We identified a novel susceptibility locus for MPO-ANCA™ AAV and propose that the associated vari-
ant is of mechanistic importance, exerting a regulatory function on gene expression in specific cell types.

Key words: ANCA-associated vasculitis, PR3-ANCA, MPO-ANCA, genetic analysis, BACH2, regulatory

variant

Rheumatology key messages

o A single nucleotide polymorphism at the BACH2 locus was identified as significantly associated with

MPO-ANCA™" AAV.

o The rare genetic variant exerted a cell type-specific regulatory function.

Introduction

Anti-neutrophil cytoplasmic antibody (ANCA)-associated
vasculitides (AAV) are rare, potentially life-threatening dis-
eases, characterized by necrotizing inflammation of
small- and medium-sized blood vessels. AAV have trad-
itionally been categorized into the clinical entities granulo-
matosis with polyangiitis (GPA), microscopic polyangiitis
(MPA) and eosinophilic GPA (EGPA). EGPA is clearly dis-
tinct, characterized by, e.g. hypereosinophilia. GPA and
MPA, on the other hand, share some clinical and patho-
logical features and differ in others, such as increased in-
volvement of upper airways and presence of granulomas
in GPA and a higher incidence of renal involvement in
MPA. Additionally, GPA is mainly associated with auto-
antibodies (ANCAs) against proteinase 3 (PR3), whereas
MPA to a larger degree is associated with myeloperoxi-
dase (MPO)-ANCA [1, 2].

Emerging evidence from studies of genetic predispos-
ition and environmental triggers of disease propose that
GPA and MPA are distinct diseases with different aetio-
logical mechanisms [3-5]. Two genome-wide association
studies (GWAS) have identified unique genetic suscepti-
bility loci for GPA (HLA-DPB1/DPA1, PRTN3, SERPINAT)
and MPA (HLA-DQB1/DQAT) [3, 4]. Notably, these stud-
ies revealed a stronger association between the genetic
loci and the presence of PR3- and MPO-ANCA, respect-
ively, than with the clinical diagnoses, hence challenging
the current categorization of AAV.

Commonly used single nucleotide polymorphism
(SNP) array-based GWAS are well suited for identifica-
tion of common genetic variants associated with dis-
ease, but lack efficiency in revealing information about
rare variation, determining causative variants and in pri-
oritizing non-protein coding regions [6]. These limitations
may be overcome by using DNA sequencing, whereby
common as well as rare variants are detected, increas-
ing the chances of identifying the actual causative
alleles.
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In the present study, we sought to increase the cur-
rent understanding of the pathogenesis of AAV through
identification of common and rare genetic variation
associated with PR3- and MPO-ANCA" AAV. Using a
resequencing approach targeting almost 1900 immune-
related genes, we were able to cover both coding and
selected non-coding regions of the genome and to iden-
tify disease-associated genetic variants in a homoge-
neous cohort of Scandinavian AAV patients.

Methods

For full information on methods, see the online
Supplementary Methods, available at Rheumatology
online.

Subjects

All cases included in the analyses of the present study
were clinically diagnosed with GPA or MPA and met
the corresponding classification criteria according to
the European Medicines Agency algorithm [7]. Patients
were recruited via six university hospitals in Sweden
and Norway for the discovery cohort (n=679) and via
eight hospitals in Sweden and Denmark for the replica-
tion cohort (n=536), and were included in the study
after informed and written consent. Healthy controls
were recruited from blood donors or population con-
trols from Sweden and Norway (n total=1706). The
study complies with the declaration of Helsinki. The lo-
cally appointed ethics committee approved the re-
search protocol.

Genetic variant discovery

Sequence capture and DNA sequencing were performed
with samples from patients of the discovery cohort and
from controls of the discovery and replication cohort.
The sequence capture of the exons of 1853 genes with
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relevance for immune-mediated disease [8] and evolu-
tionarily conserved regions within 100000 bps of the
genes, was designed and applied using SeqCap EZ
Choice XL (Roche NimbleGen, Pleasanton, CA, USA)
and the DNA products were sequenced on lllumina
HiSeq 2500, using a protocol described previously [8].
Quality control (QC) of sequence data with filtering of sam-
ples and variants is summarized in supplementary Fig. S1,
available at Rheumatology online (for details, see online
Supplementary Methods). After QC, a total of 602 out of
the originally recruited 679 patient samples (PR3-ANCA™:
n=425; MPO-ANCA™: n=175; ANCA negative: n=15;
supplementary Table S1, available at Rheumatology online)
remained for analysis as a discovery cohort. For the
healthy controls, 1597 out of the 1706 originally recruited
individuals remained after filtering of sequence data; 999 of
these were selected as a control population for the patient
discovery cohort, with the remaining 597 individuals saved
for the replication analysis (n=590 after additional QC;
supplementary Table S1, available at Rheumatology on-
line). In the whole discovery data set of 1601 individuals,
359013 SNPs [115291 with minor allele frequency (MAF)
> 0.01] passed QC (supplementary Table S2, available at
Rheumatology online).

For the replication study, iPLEX MassARRAY (Agena
Bioscience, San Diego, CA, USA) was used for genotyp-
ing of 37 selected SNPs in 536 patient samples. After
QC of variants and samples, 31 SNPs remained for ana-
lysis in 508 cases (PR3-ANCA*: n=401; MPO-ANCA™:
n=101; ANCA negative: n=8). The corresponding
SNPs were analysed in targeted sequence data of the
healthy controls (n =590 after QC). There was a >99%
genotype concordance rate between sequenced and
MassARRAY genotyped candidate SNPs in 41 individu-
als that were analysed using both methods (supplemen-
tary Fig. S2, available at Rheumatology online).

Statistical analysis

Single-variant association analysis was performed using
logistic regression analyses (Plink v.1.9) of PR3-ANCA™
and MPO-ANCA™ patients, separately, against controls,
in both the discovery and replication cohorts. Meta-
analyses of the discovery and replication data sets, with
PR3-ANCA™ and MPO-ANCA™ patients separately, were
performed using GWAMA v2.2.2 [9]. After estimation of
the number of independent tests [SNPs were considered
dependent if linkage disequilibrium (LD) r* > 0.8], the P-
value threshold for significance for the analysis of the
discovery cohort and the meta-analysis was set to
P<9.1x107".

Gene-based aggregate tests were performed on the
discovery data set using SKAT-O in R v.3.4.1 (package
Skat v.1.3.2.1), with a Bonferroni-adjusted P-value thresh-
old of <2.8 x 107° (P < 0.05 adjusted for 1793 tests).

Allele-specific expression analysis

The allele-specific effects of rs78275221 on gene ex-
pression were analysed using luciferase reporter

https://academic.oup.com/rheumatology
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assays, by insertion of a 161-bp fragment centered on
rs78275221, with each of the two alleles (G/A) into
separate pGL4.26 vectors (Promega, Madison, WI,
USA). Vectors were transfected into Jurkat, Daudi and
human dermal microvasculature endothelial (HMVEC)
cells, respectively, and the effects of the allele-specific
fragments on luciferase activity (Jurkat and Daudi
cells) and luciferase transcript levels (HMVEC), were
assayed. Allele-specific differences in gene expression
were analysed using unpaired Student’s t-test. mMRNA
expression of BACHZ2 in Jurkat, Daudi and HMVEC
cells was analysed using reverse transcriptase PCR.

Results

Single-variant association analysis identifies known
and novel AAV-associated loci

Based on previous findings [3, 4], we decided to con-
sider AAV as two separate diseases based on ANCA
status: PR3-ANCA" and MPO-ANCA" AAV. Single-
variant association analysis of SNPs with MAF >0.01 in
the discovery dataset identified a total of 335 SNPs and
168 SNPs as significantly associated with PR3-ANCA™
AAV and MPO-ANCA™ AAV, respectively, all located in
the HLA region (Fig. 1A and B; supplementary Tables S3
and S4, available at Rheumatology online). In PR3-
ANCA™ AAV, conditional analysis revealed two inde-
pendent signals of association in the HLA region, with
the lead SNPs rs1042331 in HLA-DPB1 [P=4.6 x 1073,
odds ratio (OR) 0.088 (95% Cl 0.059, 0.13)] and
rs9277341 in HLA-DPA1 [P=89x10"2°, OR 0.19
(0.14-0.25); Fig. 1C, Table 1]. In the MPO-ANCA™ co-
hort, one independent signal of association was identi-
fied in the HLA region, with lead SNP rs9274619 located
in HLA-DQB1 [P=3.2 x 10", OR 3.3 (2.3-4.7); Fig. 1D
Table 1]. In addition to the significantly associated
loci, outside the HLA region 18 SNPs in 10 loci in the
PR3-ANCA* cohort and 14 SNPs in 9 loci in the MPO-
ANCA™ cohort achieved P-values with a suggestive as-
sociation to disease (P<1.0x10™% supplementary
Tables S3-S5, available at Rheumatology online). SNPs
at the PRTN3 locus (previously associated with PR3-
ANCA™ AAV [3, 4]) were filtered out during QC due to
unequal missingness between cases and controls
(P<3.4x10™"), hence the gene was not among the
candidate associated loci.

The top HLA SNPs identified in the discovery data analy-
ses, a selected set of additional SNPs within the HLA
region, and one to two SNPs representing each non-HLA
locus with suggestive association with disease (see
Supplementary Methods, available at Rheumatology online
for details) were taken forward for genotype analysis in an
independent cohort of subjects (Fig. 1E and F; supplemen-
tary Table S5, available at Rheumatology online). The PR3-
ANCA-associated lead SNP rs1042331 failed genotyping
but was represented by SNP rs1042335, in complete LD
(r2:1.0, D’ =1.0). All HLA SNPs, as well as four additional
loci (SERPINA1, OGFR, RAPGEF5, RCN3), achieved a
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Fic. 1 Manhattan plots of the discovery analyses of PR3- and MPO-ANCA*" AAV
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(A, B) The —log1o P-values for all SNPs of the discovery analyses plotted against their chromosomal locations, with P-
value threshold (9.1 x 10~7) indicated by a red line. (C-F) Locus zoom plots depict close-ups of the HLA-DP region,
HLA-DQ region, SERPINAT region and BACH2 region, respectively. (A, C, E) PR3-ANCA™ AAV; (B, D, F) MPO-ANCA™
AAV. Lead SNPs are labelled and remaining SNPs are coloured according to LD with lead SNP (r?). Blue lines =re-
combination rates; gene locations are assigned below plots. AAV: ANCA-associated vasculitides; LD: linkage disequi-

librium; SNP: single nucleotide polymorphism.

P-value of <0.05 in the analysis of PR3-ANCA™ AAV.
Three SNPs at the HLA-DR/HLA-DQ locus and one SNP
at the BACH2 locus achieved P < 0.05 in the MPO-ANCA™
cohort (Table 1; supplementary Table S5, available at
Rheumatology online).

Next, SNPs with P <0.05 of the replication data set
were combined with the discovery data set in a meta-
analysis. The strongest associations were identified
between the independent signals of the HLA-DPBT1
and HLA-DPAT loci and PR3-ANCA™ AAV [rs1042335,
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P=6.3x10"%", OR 0.10 (0.077-0.13); and rs9277341,
P=1.5x10"%* OR 0.22 (0.18-0.27), respectively]. In
addition, there was a significant association between
PR3-ANCA" AAV and the SERPINAT locus
[rs28929474 (Z allele), P=2.7x107'°, OR 2.9 (2.1-
4.0); Table 1, Fig. 1E; supplementary Table S5, avail-
able at Rheumatology online]. The strongest signal of
association with MPO-ANCA™ AAV was found at HLA-
DQB1 [rs9274619, P=5.4x 10725, OR 3.7 (2.9-4.7)].
Additionally, the SNP located at the BACH2 locus

https://academic.oup.com/rheumatology
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TABLE 1 Single-variant association analysis of discovery, replication and combined cohorts, with patients stratified according to presence of ANCA

Discovery analysis (n PR3-ANCA™* = 425, MPO- Replication analysis (n PR3-ANCA™* = 401, MPO- Meta-analysis (n PR3-
ANCA™* = 175, controls = 999)

Chromosome Position Gene(s) Minor MAF MAF 95% CI MAF
allele cases controls cases
PR3-ANCA+
AAV
6 33052950  rs1042331  HLA-DPB1 C 0.036 0.27 4.7 x 10738 0.088 0.059, 0.13 -
6 33052958  rs1042335° HLA-DPB1 T 0.038 0.27 5.4 %107 0.094 0.064, 0.14 0.047
6 33039625 rs9277341 HLA-DPA1 C 0.072 0.29 12x1028 0.19 0.14,0.25 0.080
14 94844947  rs28929474  SERPINA1 T 0.055 0.023 2.6x107° 2.6 1.7,4.2 0.075
MPOANCA+
AAV
6 32635954  rs9274619 HLA-DQBI1, A 0.34 0.14 3.2x 107" 3.3 23,47 0.40
HLA-DQA2
6 90900544  rs78275221 BACH2 A 0.074 0.021 2.9x10° 3.5 21,59 0.050

ANCA* = 101, controls = 590) ANCA™" =826, MPO-

MAF
controls

028 9.8x107%
0270 4.2x107'®
0.025 2.0x10°

0.130  1.7x107"7

0.0270 0.053

ANCA™* =276,
controls = 1589)

95% Cl OR 95% CI

0.11 0.075,0.16 6.3x10®" 010 0.077,0.13
0.26 0.19,0.35 15x10™* 022 0.18,0.27

3.2 2.0,5.3 27x107"° 29 2.1,4.0
4.0 2.9,5.7 54x10% 37 2.9,4.7
2.1 0.99, 4.5 79x107 3.0 1.9,4.6

3Proxy for lead SNP rs1042331 that failed genotyping in the replication analysis. SNP: single nucleotide polymorphism; OR:

vaculitis. PR3-ANCA-+/MPO-ANCA+: AAV patients positive for indicated ANCA.

odds ratio; MAF:

minor allele frequency; AAV: ANCA-associated
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(rs78275221) was significantly association with disease
[P=7.9x 1077, OR 3.0 (1.9-4.6); Table 1, Fig. 1F; sup-
plementary Table S5 and Fig. S3, available at
Rheumatology online].

Finally, we performed a meta-analysis of the dis-
covery and replication cohorts with the patients sub-
categorized according to their clinical diagnoses GPA
and MPA, as well as all patients jointly. As expected,
the PR3-ANCA-associated HLA-DPB1/DPA1 and
SERPINAT loci were also associated with GPA but
with weaker signals [rs1042335, P=2.9 x107%°, OR
0.14 (0.11-0.17); rs9277341, P=2.8 x 107%°, OR 0.28
(0.23-0.34); rs28929474, P=5.8 x 107 '°, OR 2.8 (2.0~
3.8)]. For MPA, there was a significant association
with the HLA-DQBT1 locus but not with BACH2
[rs9274619, P=19x10"", OR 3.2 (2.4-4.2);
rs78275221, P=1.4x107% OR 2.5 (1.6-4.1); supple-
mentary Tables S6-S8, available at Rheumatology on-
line]. In the discovery analysis of the total AAV cohort,
there were two independent significantly associated
loci at HLA-DPB1 [rs9277469, P=2.8 x1072%, OR
0.28 (0.22-0.34)] and HLA-DQB1 [rs1770,
P=1.2x10"7, OR 1.6 (1.4-2.0)] (supplementary Table
S6 and S9, available at Rheumatology online), but the
signals were weaker than for the ANCA-specific
cohorts. SERPINAT (rs28929474) was the only non-
HLA locus with a significant association with AAV in
the meta-analysis [P=5.0 x10-8, OR 2.4 (1.7-3.2);
supplementary Table S6, available at Rheumatology
online].

Taken together, our results confirmed previous genetic
associations with PR3- and MPO-ANCA™* AAV and identi-
fied a novel locus associated with MPO-ANCA* AAV.

Rare variant aggregate test confirms association to
the HLA region

In order to investigate a combined contribution of rare
genetic variants to PR3-ANCA' and MPO-ANCA™ AAV,
the discovery data set was analysed using the gene-
based aggregate test SKAT-O. To exclude the effects of
common variants, only SNPs with a MAF <0.05 were
included in the analysis. For PR3-ANCA™ AAV, signifi-
cant associations were identified for four loci in the HLA
class Il region, whereas no regions were significantly
associated with MPO-ANCA™ AAV (supplementary Table
S10, available at Rheumatology online).

Functional evaluation of disease-associated genetic
variants

At the novel MPO-ANCA* AAV susceptibility locus
BACH2, the significantly associated variant rs78275221
(G/A) is intronic and rare [MAF: Europeans 0.021
[GnomAD: CEU (Northern/Western European ancestry)]
[10], Swedes 0.028 (Swefreq) [11]]. It is in strong LD
with  SNPs previously associated with several auto-
immune disorders [2, 8, 12-14] and with an SNP with a
previous suggestive association with MPO-ANCA* AAV
[4] (supplementary Table S11 and Fig. S4, both available
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at Rheumatology online). The position of rs78275221 is
not evolutionarily conserved (PhyloP score -0.57), but is
located in a region of open chromatin in B cells and T
helper 1 cells, also characterized by enhancer-associated
histone modifications (H3K27Ac, H3K4me1) in B cells,
CD14" monocytes and human umbilical vein endothelial
cells [Encyclopedia of DNA elements (ENCODE) supple-
mentary Fig. S4, available at Rheumatology online].
rs78275221 is located in a predicted binding motif of
Ras-responsive element binding protein 1 (RREB1;
JASPAR transcription factor binding site database [15]),
where the A allele contributes to a higher affinity to
RREB1 (P=0.00084) compared with the G allele
(P=0.027; Transcription factor affinity prediction 0.011 vs
0.002 [16]; supplementary Fig. S4, available at
Rheumatology online). There are three protein-coding
genes within the topologically associated domain (TAD;
BACH2, MAP3K7, GJA10) and suggestive data of physic-
al interactions between the rs78275221 locus and the
BACH2 promoter region, as well as to other regulatory
regions within the TAD (supplementary Fig. S4, available
at Rheumatology online) [17].

To investigate whether rs78275221 may exert a
regulatory function, the effects of the two alleles on
gene expression were analysed in T and B cells
(Jurkat and Daudi cell lines, respectively) as well as in
primary HMVEC using luciferase reporter assay. The
rs78275221 locus did not affect luciferase expression
in Jurkat cells (P=0.15 and P=0.19 for the G and A
allele, respectively) but increased the expression two-
fold in Daudi cells (P=0.00010 and P=0.00070 for
the G and A allele, respectively), compared with vec-
tors without insert (Fig. 2A). In HMVEGC, insertion of
rs78275221-G increased luciferase expression two-
fold (P=0.0040), whereas inserts with the disease risk
allele rs78275221-A did not affect expression (P=0.20)
compared with vectors without insert, thereby revealing a
significant difference between the two alleles in HMVEC
(P=0.02; Fig. 2A).

The cell type-specific expression of BACH2 is not
fully known, but reverse transcriptase PCR analysis
confirmed expression in Daudi cells and HMVEC but
indicated low or minimal expression in Jurkat cells
(Fig. 2B).

The lead SNPs of the HLA loci identified for PR3-
ANCA* and MPO-ANCA™ AAV in this study are in strong
LD with lead HLA variants of previous GWAS [rs1042331,
r*=0.72-1.0, D' =0.91-1.0; rs9277341, =10, D'=1.0
(identical SNP); rs9274619, r*=0.30-1.0, D'=1.0] [3, 4,
18]. HaploReg [19] predictions of potential functionality of
associated HLA SNPs suggested numerous functional
coding and non-coding variants at each locus, each with
the potential to affect one or several transcripts (supple-
mentary Tables S12 and S13, available at Rheumatology
online). Intersection of the location of all SNPs in com-
plete LD (?=1, D'=1) with the lead HLA SNPs with
ENCODE epigenetic data, implied coding or regulatory
functions for a substantial proportion of the SNPs (sup-
plementary Fig. S5, available at Rheumatology online).
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Fic. 2 Allele-specific effects on gene expression of
rs78275221 in BACH2-expressing cell types
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(A) The allelic effects of rs78275221 on reporter expres-
sion are presented as RLU fold-change for Jurkat and
Daudi cells and luciferase transcript expression fold-
change for primary HMVEC, relative to the respective
levels of the reporter vector without insert. Inserts with
either of the two rs78275221 alleles were compared.
Box plots illustrate median, first and third quartiles, min-
imum and maximum values. *P <0.05 (unpaired t-test).
(B) BACH2 mRNA expression analysis in Jurkat and
Daudi cell lines and HMVEC, as analysed by reverse-
transcriptase PCR and gel electrophoresis. #=100-bp
ladder. TBP was used as internal control. HMVEC:
human dermal microvasculature endothelial; RLU: rela-
tive light units; TBP: TATA-box binding protein.

Candidate genes and traditional cardiovascular
disease

The presence of at least two well-known stroke-associ-
ated loci (SERPINA1, HDAC9) [20-24] in our list of loci
with association or suggestive association with AAV in
the discovery data set prompted us to investigate plaus-
ible associations between these candidate AAV genes
and traditional cardiovascular disease (CVD). As risk var-
iants may exert a regulatory function on both proximal
and distal genes, the AAV candidate gene loci were
extended by the closest gene(s) in the 5’ and 3’ direction,
respectively, adding up to a total of 66 genes (HLA-DPAT
and HLA-DPB1 SNPs considered as one locus; supple-
mentary Table S14, available at Rheumatology online).
The complete sets of genome-wide significantly associ-
ated genes for stroke, coronary artery disease, peripheral
artery disease and blood pressure were retrieved from
the NHGRI-EBI GWAS Catalogue (supplementary Table
S15, available at Rheumatology online) and analysed for
the presence of any of the 66 candidate AAV genes.
Genes in 7 out of 11 loci (64%) with (suggestive) associ-
ation with PR3-ANCA* AAV and 6 out of 10 MPO-
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ANCA™ AAV loci (60%) were significantly associated with
CVD.

To determine whether there was an enrichment of
CVD-associated loci among the 22 lead SNPs with an as-
sociation/suggestive association with PR3/MPO-ANCA™
AAV, we used a simulation approach to estimate the
NULL distribution for the frequency of overlap of random-
ly sampled sets of 22 SNPs (+=100000 bps centered on
each SNP), from the total number of sequenced SNPs in
the discovery cohorts, with CVD-associated SNPs
(=100000 bps centered on each SNP; NHGRI-EBI
GWAS Catalogue; supplementary Table S15, available at
Rheumatology online). The mean frequency of CVD over-
lap for the sampled SNP distribution was 0.27, compared
with 0.45 for the observed CVD overlap for AAV SNP
regions (P=0.12; supplementary Fig. S6, available at
Rheumatology online).

Discussion

In the present study, we used a large-scale candidate
gene approach to identify disease-associated risk var-
iants in AAV. The targeted sequencing study design
allowed us to (i) enrich for candidate genes with a plaus-
ible impact on immune response; (i) enrich for non-
protein coding regions with a potentially regulatory func-
tion, by specifically selecting evolutionarily conserved
sequences; and (iiij analyse common as well as rare
genetic variants. As a result, we identified a novel asso-
ciation between a rare genetic variant at the BACH2
locus and MPO-ANCA™ AAV, and confirmed previous
associations between AAV and the HLA and SERPINA1
loci.

The BACH2 SNP associated with MPO-ANCA™ AAV is
rare, and hence not specifically tagged on traditional
GWAS SNP arrays. Interestingly, another SNP at the
BACH?2 locus recently showed a suggestive association
with EGPA, a subtype of AAV where a proportion of
patients have MPO-ANCA [2]. In contrast, BACH2 has
neither now nor previously been associated with PR3-
ANCA™ AAV, supporting the notion that MPO-ANCA™
and PR3-ANCA" AAV are separate entities with distinct
genetic predisposition [3, 4].

In this study, there were no other SNPs at the BACH2
locus with a P-value of significant or suggested associ-
ation with disease. According to our in vitro analyses,
rs78275221 is located in an enhancer region functional
in B cells and endothelium of dermal micro-vessels,
where the risk allele eliminates the enhancing effect in
endothelial cells. In silico predictions highlight RREB1 as
a candidate transcription factor with its binding motif
significantly affected by rs78275221. RREB1 may exe-
cute a repressive or activating effect on gene transcrip-
tion [25]; hypothetically, in this case, RREB1 would
function as a repressor when bound to the high-affinity
rs78275221-A allele, resulting in increased gene expres-
sion in carriers of the low-affinity rs78275221-G wild-
type allele.
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Three genes are located within the TAD of
rs78275221. One of them, BACH2, has been genetically
associated with numerous autoimmune diseases and
with the levels of various leukocytes [12-14, 26-30]. It is
expressed in immune cells, endothelial cells and fibro-
blasts [31-33], and encodes a transcription factor
essential for B cell maturation and T cell differentiation
[34-36], where loss of function facilitates the develop-
ment of autoimmunity [35, 37]. Collectively, our results
suggest that in a subset of individuals with MPO-ANCA™
AAV, the development of vasculitis is favoured by
reduced expression of a specific gene, possibly BACH2,
in endothelial cells, orchestrated by a regulatory variant
with cell type-specific function. Conceivably, it is the
confinement to endothelium that connects this functional
variant to vasculitis, rather than to other autoimmune
disorders linked to the BACHZ2 locus. However, the
effects of this variant in additional cell types and sub-
sets, such as fibroblasts or T regulatory cells, have not
been fully evaluated in this study and thus require func-
tional follow-up studies.

While confirming the associations between AAV and
the HLA region, using a re-sequencing approach we
found that both common and rare (MAF >0.01) SNPs
were significantly associated with PR3/MPO-ANCA.
Numerous both low- and high-frequency variants had
suggested coding or regulatory functions, generating a
great number of combinations of putatively functional
variants working in sets or as singlets. These results
underscore the immense complexity in regulation and
function of HLA molecules and the extraordinary hetero-
geneity among individuals.

A limitation of the current study is the relatively small
sample sizes, particularly for MPO-ANCA™ AAV, ham-
pering the statistical power to detect loci with significant
association with AAV. Hence, the novel variant
rs78275221 at the BACH2 locus did not fully reach the
threshold for statistical significance in the MPO-ANCA™
discovery cohort of 175 cases, but did so in the meta-
analysis of 276 cases. The limited statistical power
leaves it open as to whether additional loci with sug-
gestive association with disease in our discovery ana-
lysis are truly associated loci or false positives.

Interestingly, one of the loci with suggestive associ-
ation with MPO-ANCA™ AAV in our study, HDACO, is
strongly associated with stroke and other manifestations
of CVD [22-24, 38], as is the PR3-ANCA" AAV-
associated SERPINAT locus [20]. Patients with AAV suf-
fer an increased risk of cardio-vascular and thrombo-
embolic events, largely attributable to the inflammation
characterizing AAV [39-41]. The incidence rate of
thromboembolism is, however, more than seven times
higher in AAV than in other systemic autoimmune disor-
ders, which, together with our preliminary findings,
raises questions about a possible common denominator
between AAV and CVD/thromboembolism [39].

In conclusion, in this study we expand the number of
genetic loci that have been associated with AAV by
identification of a novel susceptibility locus in the
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BACH2 gene for MPO-ANCA™ AAV. Our results suggest
that a disease-associated variant at this locus is of
mechanistic importance by exerting a regulatory function
on gene expression in specific cell types.
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