7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

A Large-Scale Genetic Analysis Reveals a Strong Contribution of the HLA Class Il Region to
Giant Cell Arteritis Susceptibility

David Carmona, F.; Mackie, Sarah L.; Martin, Jose-Ezequiel; Taylor, John C.; Vaglio,
Augusto; Eyre, Stephen; Bossini-Castillo, Lara; Castaneda, Santos; Cid, Maria C.;
Hernandez-Rodriguez, Jose

Published in:
American Journal of Human Genetics

DOI:
10.1016/}.ajhg.2015.02.009

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

David Carmona, F., Mackie, S. L., Martin, J-E., Taylor, J. C., Vaglio, A., Eyre, S., Bossini-Castillo, L.,
Castaneda, S., Cid, M. C., Hernandez-Rodriguez, J., Prieto-Gonzalez, S., Solans, R., Ramentol-Sintas, M.,
Francisca Gonzalez-Escribano, M., Ortiz-Fernandez, L., Morado, I. C., Narvaez, J., Miranda-Filloy, J. A.,
Beretta, L., ... Spanish GCA Grp (2015). A Large-Scale Genetic Analysis Reveals a Strong Contribution of
the HLA Class Il Region to Giant Cell Arteritis Susceptibility. American Journal of Human Genetics, 96(4),
565-580. https://doi.org/10.1016/j.ajhg.2015.02.009

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1016/j.ajhg.2015.02.009
https://research.rug.nl/en/publications/9320026b-329e-409e-aec2-97a12e8a3fe9
https://doi.org/10.1016/j.ajhg.2015.02.009

ARTICLE

A Large-Scale Genetic Analysis Reveals
a Strong Contribution of the HLA Class Il Region
to Giant Cell Arteritis Susceptibility

F. David Carmona,!54* Sarah L. Mackie,?54 Jose-Ezequiel Martin, !¢ John C. Taylor,3 Augusto Vaglio,*
Stephen Eyre,5 Lara Bossini-Castillo,! Santos Castafieda,® Maria C. Cid,” José Hernandez-Rodriguez,”
Sergio Prieto-Gonzalez,” Roser Solans,® Marc Ramentol-Sintas,® M. Francisca Gonzalez-Escribano,?

Lourdes Ortiz-Fernandez,” Inmaculada C. Morado,!© Javier Narvaez,!! José A. Miranda-Filloy,!2 Spanish GCA
Group, Lorenzo Beretta,!3 Claudio Lunardi,'* Marco A. Cimmino,!> Davide Gianfreda,!® Daniele Santilli,!”
Giuseppe A. Ramirez,!® Alessandra Soriano,!? Francesco Muratore,2° Giulia Pazzola,2? Olga Addimanda,2°
Cisca Wijmenga,2! Torsten Witte,22 Jan H. Schirmer,2? Frank Moosig,2? Verena Schonau,2¢ Andre Franke,2°
@yvind Palm,?¢ @yvind Molberg,2¢ Andreas P. Diamantopoulos,?” Simon Carette,?8 David Cuthbertson,2°
Lindsy J. Forbess,30 Gary S. Hoffman,3! Nader A. Khalidi,32? Curry L. Koening,33 Carol A. Langford,3!

Carol A. McAlear,?# Larry Moreland, 3> Paul A. Monach,3¢ Christian Pagnoux,28 Philip Seo,3” Robert Spiera,3%
Antoine G. Sreih,?4 Kenneth J. Warrington,3° Steven R. Ytterberg,3° Peter K. Gregersen,40 Colin T. Pease,*!
Andrew Gough,*2 Michael Green,+3 Lesley Hordon,** Stephen Jarrett,*> Richard Watts,4¢ Sarah Levy,*”
Yusuf Patel, 48 Sanjeet Kamath,* Bhaskar Dasgupta,>° Jane Worthington,> Bobby P.C. Koeleman,>!

Paul I.W. de Bakker,51,52 Jennifer H. Barrett,3 Carlo Salvarani,2® Peter A. Merkel,34

Miguel A. Gonzalez-Gay,>3:5> Ann W. Morgan,3.>5 and Javier Martin!,55

!Instituto de Parasitologia y Biomedicina “Lépez-Neyra,” CSIC, PTS Granada, Granada 18016, Spain; *Leeds Institute of Rheumatic and Musculoskeletal
Medicine and NIHR-Leeds Musculoskeletal Biomedical Research Unit, University of Leeds, Leeds LS7 4SA, UK; 3School of Medicine and NIHR-Leeds Muscu-
loskeletal Biomedical Research Unit, University of Leeds, Leeds LS9 7TF, UK; *Unit of Nephrology, University Hospital of Parma, Parma 43126, Italy; NIHR
Manchester Musculoskeletal Biomedical Research Unit, Manchester Academy of Health Sciences, Manchester, UK; Arthritis Research UK Epidemiology
Unit, University Of Manchester, Manchester M13 9NT, UK; 6Department of Rheumatology, Hospital de la Princesa, IIS-Princesa, Madrid 28006, Spain;
’Vasculitis Research Unit, Department of Autoimmune Diseases, Hospital Clinic, University of Barcelona, Institut d’Investigacions Biomeédiques August
Pi i Sunyer (IDIBAPS), Barcelona 08036, Spain; 8Autoimmune Systemic Diseases Unit, Department of Internal Medicine, Hospital Vall d’'Hebron, Autono-
mous University of Barcelona, Barcelona 08035, Spain; 9Department of Immunology, Hospital Universitario Virgen del Rocio (IBiS, CSIC, US), Sevilla
41013, Spain; '°Department of Rheumatology, Hospital Clinico San Carlos, Madrid 28040, Spain; ' Department of Rheumatology, Hospital Universitario
de Bellvitge-IDIBELL, L'Hospitalet de Llobregat, Barcelona 08907, Spain; '?Department of Rheumatology, Hospital Xeral-Calde, Lugo 27004, Spain;
13Referral Center for Systemic Autoimmune Diseases, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico di Milano, Milan 20122, Italy; '*Depart-
ment of Medicine, Universita degli Studi di Verona, Verona 37134, Italy; '*Research Laboratory and Academic Division of Clinical Rheumatology, Depart-
ment of Internal Medicine, University of Genova, Genova 16132, Italy; 16Department of Clinical and Experimental Medicine, University of Parma, School
of Medicine, Parma 43126, Italy; 7Unit of Internal Medicine and Rheumatology, University Hospital of Parma, Parma 43126, Italy; 18Unit of Internal Med-
icine and Immunology, IRCCS Ospedale San Raffaele and Universita Vita-Salute San Raffaele, Milan 20132, Italy; '’Department of Clinical Medicine and
Rheumatology, Campus Bio-Medico University, Rome 00128, Italy; 2’Rheumatology Unit, Department of Internal Medicine, Azienda Ospedaliera Arcispe-
dale Santa Maria Nuova, Istituto di Ricovero e Cura a Carattere Scientifico, Reggio Emilia 42123, Italy; > Department of Genetics, University of Groningen,
University Medical Center Groningen, Groningen 9700, the Netherlands; 22Hannover Medical School, Hannover 30625, Germany; 23yasculitis Clinic, Kli-
nikum Bad Bramstedt & University Hospital of Schleswig Holstein, Bad Bramstedt 24576, Germany; 2*Department of Rheumatology and Immunology,
Universititsklinikum Erlangen, Erlangen 91054, Germany; **Institute of Clinical Molecular Biology, Christian-Albrechts-University of Kiel, Kiel 24105,
Germany; 2°Department of Rheumatology, Oslo University Hospital, Oslo 0424, Norway; 2’Department of Rheumatology, Hospital of Southern Norway
Trust, Kristiansand 4604, Norway; 28Djvision of Rheumatology, Mount Sinai Hospital, Toronto, ON M5T 3L9, Canada; 29Depalrtment of Biostatistics, Uni-
versity of South Florida, Tampa, FL 33612, USA; 39Division of Rheumatology, Cedars-Sinai Medical Center, Los Angeles, CA 90048, USA; 31Center for Vascu-
litis Care and Research, Cleveland Clinic Foundation, Cleveland, OH 44195, USA; ?Division of Rheumatology, St. Joseph’s Healthcare, McMaster Univer-
sity, Hamilton, ON L8N 1Y2, Canada; 33Djvision of Rheumatology, University of Utah, Salt Lake City, UT 84132, USA; 34penn Vasculitis Center, Division of
Rheumatology, University of Pennsylvania, Philadelphia, PA 19104, USA; **Division of Rheumatology and Clinical Immunology, University of Pittsburgh,
Pittsburgh, PA 15261, USA; 36Section of Rheumatology, Boston University School of Medicine, Boston, MA 02118, USA; 37Division of Rheumatology, Johns
Hopkins University, Baltimore, MD 21224, USA; *®Department of Rheumatology, Hospital for Special Surgery, New York, NY 10021, USA; **Division of
Rheumatology, Mayo Clinic College of Medicine, Rochester, MN 55905, USA; 4OThe Feinstein Institute for Medical Research, North Shore — Long Island
Jewish Health System, Manhasset, NY 11030, USA; 41Department of Rheumatology, Leeds Teaching Hospitals NHS Trust, Leeds LS7 4SA, UK; 42Departmen‘c
of Rheumatology, Harrogate and District NHS Foundation Trust, Harrogate HG2 7SX, UK; **Department of Rheumatology, York Teaching Hospital NHS
Foundation Trust, York YO31 8HE, UK; **Department of Rheumatology, Mid Yorkshire Hospitals NHS Trust, Dewsbury and District Hospital, Dewsbury
WF13 4HS, UK; 45Department of Rheumatology, Mid Yorkshire Hospitals NHS Trust, Pinderfields Hospital, Wakefield WF1 4DG, UK; 46Department of Rheu-
matology, Ipswich Hospital NHS Trust, Ipswich IP4 5PD, UK; *’Department of Rheumatology, Croydon Health Service NHS Trust, Croydon CR7 7YE, UK;
48Departrnent of Rheumatology, Hull and East Yorkshire NHS Trust, Hull HU3 2JZ, UK; 49Departmen’r of Rheumatology, Staffordshire and Stoke-on-Trent
Partnership NHS Trust, Staffordshire ST6 7AG, UK; *°Department of Rheumatology, Southend University Hospital NHS Foundation Trust, Westcliff-on-Sea
$SO ORY, UK; ° 1Department of Medical Genetics, Center for Molecular Medicine, University Medical Center Utrecht, Utrecht 3584 CX, the Netherlands;
52Department of Epidemiology, Julius Center for Health Sciences and Primary Care, University Medical Center Utrecht, Utrecht 3584 CX, the Netherlands;
S3Department of Rheumatology, Hospital Universitario Marqués de Valdecilla, IDIVAL, Santander 39008, Spain

S4These authors contributed equally to this work

53These authors contributed equally to this work and are co-senior authors

*Correspondence: dcarmona@ipb.csic.es

http://dx.doi.org/10.1016/j.ajhg.2015.02.009. ©2015 The Authors

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

—

®CrossMark The American Journal of Human Genetics 96, 565-580, April 2, 2015 565


mailto:dcarmona@ipb.csic.es
http://dx.doi.org/10.1016/j.ajhg.2015.02.009
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2015.02.009&domain=pdf

We conducted a large-scale genetic analysis on giant cell arteritis (GCA), a polygenic immune-mediated vasculitis. A case-control
cohort, comprising 1,651 case subjects with GCA and 15,306 unrelated control subjects from six different countries of European
ancestry, was genotyped by the Immunochip array. We also imputed HLA data with a previously validated imputation method to
perform a more comprehensive analysis of this genomic region. The strongest association signals were observed in the HLA region,
with rs477515 representing the highest peak (p = 4.05 x 107*°, OR = 1.73). A multivariate model including class Il amino acids of
HLA-DRB1 and HLA-DQu1 and one class I amino acid of HLA-B explained most of the HLA association with GCA, consistent with
previously reported associations of classical HLA alleles like HLA-DRB1*04. An omnibus test on polymorphic amino acid positions
highlighted DR1 13 (p = 4.08 x 107*%) and HLA-DQul 47 (p = 4.02 x 107*%), 56, and 76 (both p = 1.84 x 10~*°) as relevant
positions for disease susceptibility. Outside the HLA region, the most significant loci included PTPN22 (152476601, p = 1.73 X
107, OR = 1.38), LRRC32 (110160518, p = 4.39 x 105, OR = 1.20), and REL (15115674477, p = 1.10 X 10>, OR = 1.63). Our study
provides evidence of a strong contribution of HLA class I and II molecules to susceptibility to GCA. In the non-HLA region, we
confirmed a key role for the functional PTPN22 rs2476601 variant and proposed other putative risk loci for GCA involved in Thl,

Th17, and Treg cell function.

Introduction

Giant cell arteritis (GCA [MIM 187360]) is a chronic and
polygenic immune-mediated disease of unknown etiology
that is the most common form of vasculitis in individuals
over the age of 50 in Western countries.” It is character-
ized by inflammatory damage of large- and medium-sized
arteries, particularly the extracranial branches of the ca-
rotid artery, which can lead to severe complications such
as blindness or cerebrovascular events.**

During the last decade, genetic association studies have
described several genes that are associated with predisposi-
tion to GCA, including genes of immune/inflammatory
pathways and genes of the human leukocyte antigen
(HLA) class I and II regions. The HLA-DRB1*04 alleles
seem to be the most consistently associated genetic risk
factors for this form of vasculitis.

One of the most successful platforms to identify im-
mune-related risk variants is the Human Immuno DNA
Analysis BeadChip Kit (known as the Immunochip), a
custom Illumina Infinium High-Density array developed
by the Immunochip Consortium for immunogenetics
gene mapping. The Immunochip allows a dense analysis
of 196,524 SNPs, rare variants, and insertion/deletion
(indel) polymorphisms, located within 186 known sus-
ceptibility loci for autoimmune and inflammatory disor-
ders.° The use of the Immunochip has substantially
increased the number of established genetic risk fac-
tors for multiple immune-mediated diseases, including
Takayasu arteritis (another large-vessel vasculitis [MIM
207600]),” celiac disease (MIM 212750),° rheumatoid
arthritis (RA [MIM 180300]),° autoimmune thyroid disease
(MIM 275000 and 140300),'° psoriasis (MIM 177900),""
primary biliary cirrhosis (MIM 109720),'%'* juvenile idio-
pathic arthritis (MIM 604302),"* primary sclerosing chol-
angitis (MIM 613806),'°> narcolepsy (MIM 161400),'°
ankylosing spondylitis (MIM 106300),'” atopic derma-
titis (MIM 603165),'® and systemic sclerosis (SSc [MIM
181750]).° The use of the same platform in all the above
studies has facilitated the identification of common aetio-
pathogenic pathways among those disorders.”’

Considering the above, we decided to carry out a large-
scale genetic analysis of GCA in a well-sized case-control

cohort with the Immunochip genotyping platform. Addi-
tionally, taking advantage of the high coverage that this
array has in the HLA region, we performed a comprehen-
sive analysis of the HLA region by using a novel imputa-
tion method to obtain imputed types of SNPs, classical
HLA alleles, and polymorphic amino acid positions.*"**

Subjects and Methods

Study Population

Six independent case-control sample collections of European
ancestry, from Spain (763 GCA-affected individuals and 1,517 un-
affected controls), UK (251 GCA-affected individuals and 8,612
unaffected controls), North America (USA and Canada; 205
GCA-affected individuals and 1,641 unaffected controls), Italy
(238 GCA-affected individuals and 1,270 unaffected controls),
Norway (99 GCA-affected individuals and 374 unaffected con-
trols), and Germany (95 GCA-affected individuals and 1,892
unaffected controls), were included in this study. The procedures
followed were in accordance with the ethical standards of the
responsible committee on human experimentation (institutional
and national) of all participant centers, and written informed con-
sent was obtained from all individuals. All cases fulfilled the 1990
American College of Rheumatology classification criteria for
GCA,** and the diagnosis was additionally confirmed by either a
biopsy of the temporal artery (95.35%) or arterial imaging
(4.65%). The most relevant clinical phenotypes of the case cohort
are shown in Table S1.

Genotyping

Genomic DNA was extracted from blood samples by standard
methods. The genotyping was performed on the [llumina iScan sys-
tem with the Immunochip platform, as per Illumina protocols. Two
different centers were involved in the genotyping. The sample sets
from Spain, Italy, Norway, and Germany were genotyped by the Ge-
nomics and Genotyping Unit of the Pfizer-University of Granada-
Junta de Andalucia Centre for Genomics and Oncological Research
(GENYO, Granada, Spain) and those from UK and North America
were genotyped by the Centre for Musculoskeletal Research (Univer-
sity of Manchester, Manchester, UK). Because of that, we used the
same genotyping and calling procedures to control for possible batch
effects as follows: (1) genotype calling was performed with the Gen-
otyping Module (v.1.8.4) of the GenomeStudio Data Analysis soft-
ware using the NCBI build 36 (hg18) mapping (Illumina manifest
file Immuno_BeadChip_11419691_B.bpm); (2) low-quality SNPs
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of every batch were removed if they had call rates < 0.98 or cluster
separation < 0.4; and (3) the strand orientation of every batch was
set accordingly with the TOP orientation of Illumina to avoid A/T
and G/C mismatches during the merging of the sets.

Quality Control

Different quality filters were applied to the Immunochip raw
data from each cohort independently prior to the statistical ana-
lyses by PLINK v.1.07.>* SNPs with a genotyping call rate lower
than 98% and those that were not in Hardy-Weinberg equilib-
rium (HWE; p < 0.001) were removed from the analysis. Simi-
larly, subjects were excluded if fewer than 90% of SNPs were
called. In addition, principal-component (PC) analyses were per-
formed to identify and exclude outliers based on their ethnicity
by PLINK and the gcta64 and R-base under GNU Public license
v.2. With this software, we calculated and plotted the three first
PCs using the “null” SNPs of the Immunochip (i.e., not associ-
ated with autoimmune diseases) for each subject, and those
who deviated more than 4 SDs from the cluster centroids were
considered outliers. PC analysis was also used to confirm that
all subjects in our filtered study cohorts overlapped with the
CEU cohort of the HapMap project (Figure S1). Furthermore,
one subject per duplicate pair and per pair of first-degree relatives
was also removed via the Genome function with a Pi-HAT
threshold 0.5 in PLINK. A total of 1,651 GCA case subjects and
15,306 unrelated control subjects remained after applying the
above filters. The final genotyping call rate in the pooled dataset,
which contained information of 95,416 non-imputed genetic
variants, was 99.94%.

HLA Imputation

We subsequently isolated the genotyping data from the extended
major histocompatibility complex (xMHC) region, located in
chromosome 6,>° and used a previously validated imputation
method to analyze the variation within the xMHC region of
SNPs, classical HLA alleles, and amino acidic variants.?"?” In brief,
to impute this genomic region, we used the SNP2ZHLA method
with the Beagle software package®””® and a reference panel
comprised of 5,225 individuals of European origin®’ with geno-
typing data of 8,961 common SNPs and indel polymorphisms
across the xXMHC region, and four digits genotyping data of the
HLA class T and II molecules.”® Imputed data were also filtered
with PLINK with the following thresholds: 95% success call rate
for alleles and amino acids, deviation from HWE considering a p
value of 0.001 for SNPs in controls, and 95% total call rate for in-
dividuals. Information from a total of 7,179 SNPs, 423 classical
HLA alleles (126 at two-digit and 297 at four-digit resolution) of
HLA-A (MIM 142800), HLA-B (MIM 142830), HLA-C (MIM
142840), HLA-DRB1 (MIM 142857), HLA-DQB1 (MIM 604305),
HLA-DQA1 (MIM 146880), HLA-DPB1 (MIM 142858), and HLA-
DPA1 (MIM 142880), and 1,275 amino acidic variants were
included in the clean dataset (Table S2).

HLA Imputation Accuracy

To check the imputation accuracy, we obtained sequence-based
types from a subset of 200 case subjects with GCA and unaffected
control subjects (selected randomly from the Spanish cohort
included in this study) for the classical HLA class II alleles
DQA1, DQB1, and DRBI1 at four-digit resolution, using the kits
LABType SSO Class II DQA1/DQB1 Typing Test and LABType
SSO Class I DRB1 Typing Test from One Lambda, because these

molecules harbored the most significant amino acid associations
(see below). In addition, we also used available data in our labora-
tory from 185 previously genotyped unaffected control subjects
for the class I molecule HLA-B. We then compared the genotypes
obtained serologically with the imputed ones as previously
described.”’

Imputation of Non-HLA Regions

We performed SNP genotype imputation of the most associated
loci outside the HLA region. For that, we isolated the genotyping
data of 5 Mb regions centered in the lead SNPs and obtained
imputed genotypes with the software IMPUTE v.2.%° The 1000 Ge-
nomes Phase 3 was used as reference panel.”’ The probability
threshold for merging genotypes was established at 0.9. Imputed
data were subsequently subjected to stringent quality filters in
PLINK, i.e., individuals who generated genotypes at <90% were
removed from the datasets, and SNPs with call rates <98% and
those that deviated from HWE in control subjects (p < 0.001)
were also discarded.

Statistical Analyses

CaTS Power Calculator for Genetic Studies, which implements the
methods described in Skol et al.,*! was used to estimate the statis-
tical power of our study (Table S3).

The statistical analyses were performed with PLINK and R. To
test for association, we compared the variation frequencies of
case and control subject by logistic regression on the best-guess
genotypes (>0.9 probability) assuming an additive model with
the three first PCs, the gender, and the country of origin as co-
variates. A minimal difference in the results was observed after
adjusting for five or ten PCs. Inverse variance weighted fixed ef-
fects meta-analysis was also used to evaluate the consistency of
the results of the non-HLA region. For the HLA region, we tested
SNPs, classical HLA alleles, and all possible combinations of
amino acid residues per position. Statistical significance was es-
tablished by comparison of the deviance model to the null
model as previously described.'”?> Cochran’s Q and I? tests
were used to measure the heterogeneity of the ORs across
studies.

The omnibus association test was also performed to determine
the influence of the polymorphic amino acid positions in the
disease susceptibility, as described.?’ We established a null gener-
alized linear model, which included the first three PCs, the
country of origin, and gender as variables. Then, an alternative
model was built for each position, including the previously
described variables and all the possible alleles in the analyzed
positions. Finally, both models were compared with a likelihood
ratio test. This gives rise to a n — 1 degrees of freedom test,
where n is the number of alternative alleles at that position.
Additionally, we also conducted conditional analyses controlling
the amino acid positions by the most associated positions with a
putative functional effect in our set (conditioning factors). In
these conditional analyses, the conditioning factors were
included in both the null and the alternative models. By these
means, we could test the association of all residues in the
analyzed positions but including the conditioning factors as co-
variates in the models.

The haplotypes of the associated amino acid positions were also
evaluated by additive logistic regression. Amino acid combina-
tions with a frequency < 1% in control groups were excluded
from this analysis.
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Manhattan Plot Representation of the Immunochip Results

The —log;, of the combined logistic regression test p values are plotted against their physical chromosomal position. The red line rep-
resents the genome-wide level of significance (p < 5 x 10~%), and the blue line represents the statistical significance for suggestive signals

(p < 1 x 107%). The most relevant associations are highlighted.

To identify independent effects, dependency analyses by step-
wise logistic regression were carried out with conditioning by
the most associated signals, as described.” The statistical signifi-
cance was set at 5 x 1078, Odds ratios (OR) and 95% confidence
intervals (CI) were also calculated. The Manhattan plots were
obtained with an in-house modification of the R script written
by Stephen Turner, and the 3D models of the HLA molecules
were performed with the UCSF Chimera software.*” The online
tool of LocusZoom v.1.1** was used to plot the results of the
imputed regions.

Analysis of Enrichment of Rheumatoid-Arthritis-
Associated Variants

Considering that previous candidate gene studies® and the re-
sults reported here (see below) suggested a possible overlap be-
tween part of the genetic background of RA and GCA, we carried
out an analysis of enrichment of confirmed RA-associated alleles
in our GCA cohort. With this aim, we calculated in PLINK a ge-
netic score predicting RA risk for each participant in our study by
obtaining a weighted mean of genotype dosage across 52 RA-
associated variants. These include the 5 amino acids conferring
higher risk in the amino acid model proposed by Raychaudhuri
etal.?! and 47 non-HLA SNPs (22 exact ones and 25 proxies with
” > 0.9 in the CEU population of the 1000 Genomes project)
out of the 101 reported in Okada et al.>* The remaining SNPs
were not used to calculate the scores either because they were
not included in our GCA dataset or because they had a
reduced statistical significance in the European population
(p<1x107°.

The effect estimates used to weight the scores were the log of the
ORs reported for the European population in Table S1 of Okada
et al.*>* and the per-allele ORs (i.e., assuming an additive genetic
model) reported in the Table S4 of Raychaudhuri et al.>' Table S4
summarizes the main aspects of the variants included in the
analysis.

To analyze the possible difference between the score distribu-
tion in case and control subjects, a null generalized linear model
including the first three PCs, country of origin, and gender as vari-
ables was compared against an alternative model including the

same variables and the RA risk scores by the means of a likelihood
ratio test in R.

Results

Association signals at the genome-wide level of signifi-
cance were observed only in the combined analysis
(Figure 1) and in the independent analyses of the cohorts
with higher statistical power, i.e., Spain, UK, and North
America (Figure S2). In all cases, those signals were located
within the HLA region at chromosome 6 (Table S5).

Deep Interrogation of the HLA Region

To narrow down the HLA association with GCA, we
inferred SNPs, classical HLA alleles, and polymorphic
amino acid positions. The overall accuracy reached after
comparing four-digit types with the corresponding
imputed data was 99.48% for HLA-DQA1, 98.45% for
HLA-DQB1, 89.94% for HLA-DRB1, and 88.11% for HLA-
B (Table S6 and Figure S3).

After the imputation, high association peaks were
observed in HLA-DRB1*04, HLA-DQA1*03, and HLA-
DQB1*03 alleles (Table 1), particularly HLA-DRB1*04:04
(p = 2.12 x 10723, OR = 2.28), HLA-DQA1*03:01 (p =
1.38 x 107°°, OR = 1.85), and HLA-DQB1*03:02 (p =
3.93 x 107%%, OR = 1.90). Consequently, different amino
acids included in those alleles were also strongly associated
with disease predisposition in the combined analysis
(Table S5). However, the peak signal corresponded to a
SNP (15477515, p = 4.05 x 10~*°, OR = 1.73) in high link-
age disequilibrium (LD; r* = 0.43, D’ = 1.00) with a group
of SNPs and amino acids of HLA-DRBI1 in complete LD
with one another that have a stronger effect size (OR =
1.92), including a His in position 13 (p = 5.12 x 10738,
OR = 1.92) located in the binding groove of the mole-
cule.”> This SNP maps to the intergenic region between
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Table 1.
Digit Resolution

Genome-wide Significant Associations of Classical HLA Alleles with Giant Cell Arteritis without Conditioning at Two- and Four-

Allele Frequency

Spain UK North America Italy

Classical

Norway Germany Meta-analysis

HLA Allele GCA CTRL GCA CTRL GCA CTRL GCA

CTRL

GCA CTRL GCA CTRL p Value OR (95% CI)

DRB1*04 0.2104 0.1276 0.3247 0.1944 0.2854 0.1651 0.1155

DQA1*03 0.2156 0.1381 0.3327 0.2069 0.3024 0.1758 0.1218

DQA1*01 0.3014 0.3767 0.2410 0.3885 0.2732 0.4007 0.2668

DQB1*03 0.3847 0.3174 0.4781 0.3434 0.4415 0.3501 0.4475

DQB1*05 0.1560 0.1823 0.0737 0.1550 0.0878 0.1697 0.1471

DQB1*06 0.1455 0.1941 0.1693 0.2339 0.1854 0.2310 0.1197

DRB1*14 0.0125 0.0290 0.0159 0.0247 0.0171 0.0286 0.0189

DQA1*0301 0.2156 0.1381 0.3327 0.2069 0.3024 0.1758 0.1218

DQB1*0302 0.1481 0.0962 0.1773 0.1047 0.2098 0.0984 0.0924

DRB1*0404 0.0826 0.0369 0.0877 0.0485 0.0829 0.0372 0.0231

DRB1*0401 0.0695 0.0340 0.2012 0.1154 0.1415 0.0865 0.0420

DQA1*0101 0.1415 0.1575 0.0677 0.1458 0.0805 0.1493 0.1050

DQA1*0102 0.1035 0.1368 0.1295 0.1889 0.1415 0.1856 0.0840

DQB1*0503 0.0125 0.0284 0.0159 0.0255 0.0171 0.0283 0.0210

0.0736
0.0776
0.3622 0.2727
0.4193
0.2291
0.1331
0.0654
0.0776
0.0547
0.0098
0.0193
0.1768
0.1315

0.0634

0.3182 0.2233 0.2263 0.1453 6.78 x 107°% 1.92 (1.74-2.12)

0.3384 0.2326 0.2368 0.1564 1.38 x 107*° 1.85 (1.68-2.04)

0.4412 0.3211 0.4382 3.84 x 1072° 0.61 (0.56-0.67)

0.4697 0.3262 0.4316 0.3380 5.15 x 107! 1.44 (1.33-1.56)

0.0657 0.1578 0.1053 0.1662 2.94 x 10~'° 0.63 (0.56-0.71)

0.2071 0.2834 0.2053 0.2717 4.28 x 107'° 0.72 (0.65-0.80)

0.0051 0.0227 0.0053 0.0217 7.23 x 10~°  0.40 (0.29-0.54)

0.3384 0.2326 0.2368 0.1564 1.38 x 1073° 1.85 (1.68-2.04)

0.2778 0.1444 0.1526 0.1084 3.93 x 10°2® 1.90 (1.69-2.12)

0.1313 0.0588 0.0579 0.0299 2.12 x 1072 2.28 (1.94-2.68)

0.1667 0.1417 0.1263 0.0959 2.77 x 10~'% 1.80 (1.58-2.06)

0.0556 0.1524 0.0947 0.1451 8.83 x 107" 0.64 (0.57-0.73)

0.1566 0.2126 0.1421 0.2106 2.02 x 107'° 0.68 (0.61-0.77)

0.0051 0.0214 0.0053 0.0211 3.21 x 10°® 0.42 (0.31-0.57)

HLA-DRB1 and HLA-DQA1 genes and has no putative reg-
ulatory effect according to the regulomeDB database
(score = 6), although a possible relevant function of
15477515 can not be ruled out.

Dependence Analysis

We then hypothesized that the HLA association with GCA
might be explained by polymorphic amino acid residues,
as reported for other immune-mediated diseases,”'*%*”
and we carried out further logistic regression analysis of
the HLA data controlling for the most associated amino
acid residues. If the most associated signals were in high
LD, we selected for those located in the binding pocket
of their corresponding molecule.

A summary of the logistic regression analysis is shown
in Figure 2. First, we included the above-mentioned
HLA-DRB1 His1l3 amino acid as covariate, which
decreased considerably the statistical significance of the
class-II-associated signals (highest peak: rs3104407, p =
3.27 x 107'¢, OR = 0.70; Figure 2B). Subsequently, the
addition to the model of a glycine (Gly) in position 56
of the HLA-DQu1 chain explained the association at the
genome-wide level of significance observed in the class
IT region, although some independent signals in class I
(i.e., amino acids in positions 45 and 97 of HLA-B and
the SNP rs3130944) still remained (highest peak: presence
of Arg or Thr in position 97 of HLA-B, p = 1.36 x 10°%;
Figure 2C). Finally, when a Thr in position 45 of the
HLA-B molecule was included in the condition list, all
the class I variants were non-significant (Figure 2D).
Hence, the model that best explained the HLA association

with GCA included HLA-DRB1 His13 (p = 5.12 x 1038,
OR = 1.92), HLA-DQu1 Gly56 (p = 3.84 x 10°%°, OR =
0.61), and HLA-B Thr45 (p = 3.78 x 1077, OR = 0.76)
(Table S5). However, it should be noted that we based
our analysis on the hypothesis that the leading drivers
are most likely to be located in antigen-binding pockets
of the HLA molecules and, therefore, other putative
models (e.g., including the rs477515 genetic variant)
might also explain our data equally well.

Omnibus Test

We also tested the possible influence of the polymorphic
amino acid positions by means of an omnibus test (Table
S7 and Figure S4). The most associated signals corre-
sponded to the HLA-DQal positions 47, 56, and 76
(p=4.02x 107%, p=184 x 10°*, and p = 1.84 x
10~%°, respectively). Regarding the latter, DQa1 76 might
harbor three amino acid residues (Val76, Met76, and
Leu76) that are in complete LD with the three possible
variants in DQal 56 (Arg56, Gly56, and *56) and, there-
fore, they cannot be distinguished by statistical analysis
alone. In relation to DQal 47, four amino acids can be
present at this position (Gln47, Arg47, Lys47, and
Cys47). Two of them (GIn47 and Arg47) are in complete
LD with amino acids of DQal 56-76 and form two haplo-
types, i.e., GIn47-Arg56-Val76 (haplotype A, conferring
risk) and Arg47-Gly56-Met76 (haplotype B, conferring
protection) (Figure 3A, Table S8). The third and fourth
possible DQul 47 amino acids also form two other
haplotypes with DQa1 *56-Leu (haplotype C, Lys47-*56-
Leu76; and haplotype D, Cys47-*56-Leu76), but those
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Figure 2. Manhattan Plot Representa-
tion of the Step-wise Conditional Logistic
Regression of the HLA Region

(A) Unconditioned test of the HLA region.
(B) Results of the HLA region after condi-
tioning to HLA-DRB1 His13.

(C) Results of the HLA region after condi-
tioning to HLA-DRB1 His13 and HLA-
DQual Gly56.

(D) Results of the HLA region after condi-
tioning to HLA-DRB1 His13, HLA-DQual
GlyS6, and HLA-B Thr45.

The —log;, of the combined logistic regres-
sion test p values are plotted against their
physical chromosomal position. A red/
blue color gradient was used to represent
the effect size of each analyzed variant
(red for risk and blue for protection). The
red line represents the genome-wide level
of significance (p < 5 x 107%).

observed for position 13 after condi-
tioning on position 11 (conditioned
p=6.74 x 107°).

Table 2 summarizes the results of
the associated amino acids within
the positions comprising our pro-
posed model to explain the HLA asso-

ciation with GCA.
Additionally, similar to that

observed in the analysis of the spe-
cific amino acid residues, no statisti-
cally significant signals were detected
after including the amino acids of
HLA-DRB1 13, HLA-DQal 56, and
HLA-B 45 as conditioning factors in
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the analyses (Figure S4).
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31,050,170 31,550,170
Position on Chré {bp)

32,050,170

HLA-A

l

HLA-C

11

HLA-B
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haplotypes did not reach statistical significance (Table
S$8). Position 13 of HLA-DRP1 also showed high associa-
tion (p = 4.08 x 10~*%), and the only class-I-associated
position was HLA-B 45 (p = 4.12 x 1077). It was not
possible to unambiguously established casualty from
HLA-DRB1 13 over DQual positions 47, 56, and 76 due
to the high LD between some of the amino acids at those
positions (Table S8).

Considering the similarity in the association with RA
susceptibility observed for the positions 11 and 13 of
HLA-DRB1,%! we conditioned these two positions one
to another to analyze possible casualty in GCA. Contrary
to that observed in RA, position 11 completely lost its
statistical significance after conditioning on position 13
(conditioned p = 0.64), whereas a suggestive p value was

32,5

HLA-DRE1 HLA-DQAL HLA-DPA1

7
RA

Haplotype Analysis

Taking into account the high LD of
the class II HLA genomic region,
we decided to carry out a haplotype
test combining all the possible
amino acids present in the class II
positions of the model (Figure 3). Although different
haplotypes surpassed the genome-wide significance
threshold, none of them showed a significant improve-
ment in the association observed for the associated
amino acids of HLA-DRB1 13 and DQual 47, 56, and 76
independently. Similar results were observed when
the haplotypes were examined including the amino
acids of position 45 of the class I molecule HLA-B
(Table S9). This was consistent with the fact that: (1)
HLA-DRB1 Hisl3 and the haplotype A of HLA-DQul
(GIn47-Arg56-Val76), which are in high LD (* = 0.92),
defined the higher association signal in the haplotype
analysis (p = 4.12 x 1077, OR = 1.90); (2) all the
most significant risk haplotypes included the amino
acid HLA-DRB1 His13 (DRB1 His13 - DQal haplotype

50,170

I

HLA-DQB1 HLA-DPB1
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Table 2. HLA Residues Associated at the Genome-wide Level of Significance of the Amino Acid Positions Included in the Model that Best
Explains the HLA Association with Giant Cell Arteritis

Residue Frequency

Amino Acid
Molecule Residues Population GCA CTRL p Value OR (95% CI) Classical HLA Alleles
HLA-DRB1 His13* Meta-analysis 5.12 x 10738 1.92 (1.74-2.12)  04:01, 04:02, 04:03, 04:04,
Spain 0.2097 0.1272 724 x 10°1*  1.94 (1.63-2.31) 0405, 04:07, and 04:08
UK 0.3247 0.1944 1.81 x 10712 2.00 (1.65-2.43)
North America  0.2854 0.1651 9.44 x 10°° 2.02 (1.59-2.57)
Italy 0.1155 0.0724 1.54 x 1073 1.71 (1.23-2.37)
Norway 0.3182 0.2233 9.29 x 1073 1.64 (1.13-2.38)
Germany 0.2263 0.1451 2.19 x 1073 1.77 (1.23-2.54)
Ser13* Meta-analysis 3.27 x 1078 0.79 (0.73-0.86)  03:01, 11:01, 11:02, 11:03,
Spain 0.3270 0.4123 970 x 10°°  0.68 (0.60-0.78) ﬂg‘é 128} 211131:(? ?4;1032:03’
UK 0.1633 0.2087 1.57 x 1072 0.74 (0.58-0.95)
North America  0.3317 0.3699 1.53 x 107! 0.85 (0.68-1.06)
Italy 0.4958 0.5028 8.88 x 107! 0.99 (0.81-1.20)
Norway 0.3030 0.3115 8.00 x 107! 0.95 (0.67-1.37)
Germany 0.3737 0.3739 8.36 x 107! 0.97 (0.71-1.32)
HLA-DQul  GIn47 Meta-analysis 1.38 x 10°3° 1.85 (1.68-2.04)  03:01
Arg56* Spain 0.2156 0.1381 486 x 10712 1.81 (1.53-2.15)
Val76 UK 0.3327 0.2069 3.36 x 10711 1.91 (1.58-2.31)
North America  0.3024 0.1758 432 x107° 2.02 (1.60-2.56)
Italy 0.1218 0.0776 1.52 x 1073 1.69 (1.22-2.34)
Norway 0.3384 0.2326 420 x 1073 1.71 (1.19-2.47)
Germany 0.2368 0.1564 3.26 x 103 1.71 (1.20-2.44)
Arg47 Meta-analysis 3.84 x 100%  0.61(0.56-0.67)  01:01, 01:02, and 01:03
Glys6* Spain 0.3014 0.3767 2.20 x 1077 0.70 (0.61-0.80)
Met76 UK 0.2410 0.3885 5.27 x 1071 0.50 (0.41-0.61)
North America 0.2732 0.4007 1.46 x 107° 0.56 (0.44-0.71)
Italy 0.2668 0.3622 5.40 x 10°° 0.64 (0.52-0.79)
Norway 0.2727 0.4412 3.68 x 1075 0.46 (0.32-0.67)
Germany 0.3211 0.4382 1.90 x 1073 0.60 (0.44-0.83)
HLA-B Thr45* Meta-analysis 3.78 x 107° 0.76 (0.69-0.83) 18:01, 35:01, 35:02, 35:03,
Spain 0.2608 0.3082 557x10°%  0.78 (0.68-0.90) 2?82 §fé§ 2;81 231;81
UK 0.1175 0.1703 1.80 x 1073 0.65 (0.49-0.85) and 58:01
North America  0.1756 0.2383 6.83 x 1073 0.69 (0.53-0.90)
Italy 0.3718 0.4331 1.87 x 1072 0.78 (0.64-0.96)
Norway 0.1162 0.1551 1.48 x 107! 0.70 (0.43-1.13)
Germany 0.2105 0.2167 8.83 x 107! 0.97 (0.68-1.39)

The classical HLA alleles in our dataset that contain those amino acids are shown. Asterisk (*) indicates amino acids involved in antigen binding.

A, p =412 x 107, OR = 1.90; DRP1 Hisl13 - DQal

haplotype A - B Glu45, p

9.09 x 1072°, OR = 2.52;

DRB1 His13 - DQal haplotype A - B Met435, p = 1.03 X
107'%, OR = 2.78; DRB1 His13 - DQal haplotype A - B
Lys45, p = 3.05 x 10~'*, OR = 1.86); and (3) haplotype

B of DQual (Arg47-Gly56-Met76) was included in the
haplotypes conferring higher protection (DRB1 Serl3 -
DQul haplotype B, p = 7.72 x 107 %, OR = 0.52; DRp1
Ser13 - DQa1 haplotype B - B Thr45, p = 9.16 x 10°%,
OR = 0.39).
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Analysis of the Non-HLA Region

No associations at the genome-wide significance level were
detected when the non-HLA region was analyzed by logis-
tic regression (Table 3). Two genetic variants of the protein
tyrosine phosphatase non-receptor type 22 (PTPN22 [MIM
600716]) gene in almost complete LD (r* = 0.99) repre-
sented the highest non-HLA association signal with GCA
(1s6679677, p = 1.31 x 10°°, OR = 1.39; 152476601, p =
1.73 x 107%, OR = 1.38). One of them (rs2476601) is a
non-synonymous (p.Arg620Trp) functional variant that
has been associated with a variety of immune-mediated
diseases,”® including GCA (in a study with partial
overlap of the sample collections with this one).*” Sugges-
tive association (p < 10~*) was also found for another two
tightly linked SNPs (r* = 0.99) located in the leucine-rich
repeat containing 32 (LRRC32 [MIM 137207]) region
(rs10160518, p = 4.39 x 107°, OR = 1.20; 152155219,
p = 6.19 x 10°%, OR = 1.19). Other suggestive signals
included SNPs of key immune-related genes such as v-rel
avian reticuloendotheliosis viral oncogene homolog (REL
[MIM 164910]; 15115674477, p = 1.10 x 107>, OR =
1.63), protein kinase C theta (PRKCQ [MIM 600448];
1s587198, p = 5.72 x 10~%, OR = 1.17), cluster domain
226 (CD226 [MIM 605397]; 151788110, p = 6.51 x 102,
OR = 0.85), and NLR family pyrin domain containing
6 (NLRP6 [MIM 609650]; 153817637, p = 8.67 x 1072,
OR = 0.77).

Similar results were observed when the dataset was
analyzed with inverse variance weighted meta-analysis
(Table S10). However, in this analysis REL rs115674477
corresponded with the second top signal, with a statistical
significance (p = 3.56 x 107°, OR = 1.67) very similar to
that observed for PTPN22.

Met76
(03831}

Leu76

04309}

o

Figure 3. Haplotypes Observed in Our
Dataset between the Residues of the Class
Il Positions of the Model that Best Ex-
plains the Association of This Genomic Re-
gion with Giant Cell Arteritis

(A) Graphical representation of the four
haplotypes formed by the amino acids of
the DQa1 positions 47, 56, and 76. The fre-
quency of every amino acid is shown in
brackets.

(B) Each row refers to the haplotype of one
HLA-DRB1 13 amino acid and one HLA-
DQal haplotype. Haplotype frequencies
of case subjects (red) and control subjects
(blue), odds ratios (OR), and —log;o of the
logistic regression test p values are plotted.
A red/blue color gradient was used in the
OR bars to represent the effect size of
each analyzed variant (red for risk and
blue for protection).

_logl-l{p}

5 10 15 20 25 30 35 40

In order to conduct a more
detailed analysis of the top signals,
we obtained imputed data of the
PTPN22, LRRC32, and REL genomic
regions. A total of 922 SNPs in

the PTPN22 region, 462 in the LRRC32 region, and
1,158 in the REL region were included in the imputed
datasets. However, because of the dense coverage of
the fine-mapped loci in the Immunochip, all the
imputed variants showed a lower statistical significance
than PTPN22 r1s2476601, LRRC32 1510160518, and
REL 15115674477 (Figure 4), consistent with previous
studies."?

We checked the statistical significance of genes reported
to be associated with GCA in candidate gene studies.’
Although the signals were relatively weak, associations at
p < 0.05 were observed in most cases (Table S11 and
Figure S5), e.g., nitric oxide synthase 2 inducible (NOS2
[MIM 163730]; 152274894, p = 1.58 x 1073, OR = 1.14),
interleukin 6 (IL6 [MIM 147620]; 1510242595, p = 3.70 x
1073, OR = 0.89), IL4 ((MIM 147780]; rs2243200, p =
4.47 x 1073, OR = 6.86), interferon gamma ([FNG [MIM
147570]; 152193046, p = 5.08 x 10>, OR = 0.89), and
IL10 ([MIM 124092]; rs74148796, p = 7.84 x 10>, OR =
0.83).

Considering that a shared genetic component might in-
fluence the development of different autoimmune pheno-
types,””*” we also checked the results of specific known
susceptibility SNPs for immune-mediated diseases in our
dataset accordingly with the reported data in Table S5 of Ri-
cafio-Ponce and Wijmenga.* Associations at the nominal
level (p < 0.05) between GCA and several autoimmune
SNPs were observed (Table S12), with PTPN22 rs6679677/
152476601 (associated with RA, type 1 diabetes [MIM
222100], and Crohn disease [MIM 266600], among others)
and LRRC321s10160518/1s2155219 (associated with ulcer-
ative colitis, UC [MIM 266600]) representing the strongest
signals.
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Table 3. Signals outside the HLA Region Showing a Trend of Association of p < 10 * with Giant Cell Arteritis
Minor Allele Frequency
Position Minor/  spain UK North America Italy Norway Germany Meta-analysis
Major
Chr rsiID (GRCh36) Locus Allele GCA CTRL GCA CTRL GCA CTRL GCA CTRL GCA CTRL GCA CTRL p Value OR (95% CI)
1 156679677 114105331 PTPN22 A/C 0.097 0.063 0.112 0.095 0.129 0.097 0.050 0.035 0.136 0.115 0.121 0.112 131 x107° 1.39
(1.22-1.58)
1 152476601 114179091  PTPN22 A/G 0.098 0.064 0.112 0.095 0.129 0.098 0.050 0.036 0.131 0.115 0.121 0.111 173 x 10°® 1.38
(1.21-1.58)
11 1s10160518 75974319  LRRC32 A/G 0.500 0.447 0.528 0.494 0.522 0.490 0.494 0.465 0.561 0.529 0.605 0.513 439 x 10 1.20
(1.11-1.29)
11 1s2155219 75976842  LRRC32 C/A 0.499 0446 0.528 0.494 0.520 0.490 0.494 0.465 0.561 0.531 0.605 0.514 6.19 x 107 1.19
(1.11-1.29)
2 15115674477 60965427  REL G/A 0.039 0.029 0.032 0.023 0.039 0.016 0.034 0.017 0.046 0.036 0.032 0019 1.10x 10~ 1.63
(1.31-2.03)
21 152236430 32895279  TCPIOL- A/G 0.306 0.293 0.347 0.317 0.349 0.320 0.387 0.302 0.389 0.297 0437 0361 133x10° 1.20
C21orf59 (1.11-1.30)
11 152508740 75904830  Cllorf30 G/A 0.375 0425 0.383 0.396 0.359 0.395 0.366 0.399 0.364 0.436 0.321 0388 2.06x 107> 0.84
(0.78-0.91)
11 151892952 76042374  LRRC32 A/G 0.528 0.473 0496 0.480 0.524 0.501 0.532  0.495 0.525 0.480 0.558 0.491 4.11x 10 1.17
(1.09-1.27)
6 1511752919 28511582  ZSCAN23 G/A 0.347 0.407 0.363 0.409 0.363 0.359 0.263 0.280 0.313 0.365 0332 0339 522x10° 0.84
(0.78-0.92)
11 157926009 75845110  Cllorf30 G/A 0.388 0.435 0.388 0.407 0.381 0.410 0.382 0.412 0374 0.448 0.342 0398 551%x10° 0.85
(0.79-0.92)
11 1510790958 127862477  ETS1 C/G 0.320 0301 0.351 0.323 0.354 0.295 0.267 0.226 0.404 0338 0.384 0330 571x10° 1.19
(1.09-1.29)
10 1s587198 6571155  PRKCQ G/A 0.447 0.401 0484 0.453 0.459 0.451 0.490 0.461 0.525 0.433 0.516 0454 572x107° 1.17
(1.09-1.27)
18 1s1788110 65719816  CD226 G/C 0.321 0337 0.257 0.318 0.334 0.337 0.334 0411 0.298 0369 0295 0320 6.51x10™° 085
(0.78-0.92)
10 1s10749570 90028013  C10o0rf59 A/C 0.277 0343 0309 0.335 0.327 0.344 0.319 0.324 0301 0366 0358 0360 7.27x107° 0.84
(0.78-0.92)
14 1510149689 80485553  Cl4orfl45- G/A 0.417 0.458 0.462 0.449 0.395 0.456 0.410 0.467 0399 0.447 0.358 0.404 736%x10° 0.85
TSHR (0.79-0.92)
11 1s3817637 275920  NLRP6- A/G 0.091 0.124 0.084 0.114 0.122 0.115 0.090 0.134 0.152 0.128 0.090 0.121 8.67 x 10™°  0.77
ATHL1 (0.68-0.88)
11 1510160382 75804862  PRKRIR- G/A 0.321 0357 0.331 0.354 0.322 0.351 0.332  0.363 0.328 0.385 0.284 0343 9.60 x 10> 0.85
Cl1orf30 (0.78-0.92)




Fhatted SP6F1 BIR 1008 10 VU N1 A 00 WO 000000 0 0 0O

A 10

rs2476601 = |- 100
s |
8| o0 | |- 80
g 6 s o h 60
E

{gua/win) 3183 uoREUIgQWIOIaY

WAGH= | o PR SEIRGR e TS,
-._r‘aiﬁh-u_l - ﬂ(i?l 15 mn\:\':\ -
t.l'\t!ﬁl -J\%l -
~APdB1
{"\-'.'"4.\‘.. =
114 114.2 114.4 114.6
Position on Chrl (Mb)
Plotted SNPs | | IR - |
C w rs10160518 v 100
m.,

8 P
7
8
=
=4
= 6 ~60 3
S =
:’b 3
s g
T4 40 =
2 an =

il o

I-:_l\'.\l]" -J:\?I!(ft\'! ““I:Inu.‘}_.‘;—_. - .'!:\ﬁ(..'n} Y})I(Er-— nFFR.'n_-—_
Gy
76 76.2 76.4 76.6

Position on Chrll (Mb)

Plotted SNPs | [] 1T ORI N AEOVO | OTONO VO | W TR 0 01 OO OMTPD S WA
B ] rs115674477 7 |[-100
8- |80
]
= [ 60
= %
o

(Qwi/ 2] 238 UoREUIgQUWooaY

PASTE Gow REL-=  =PURI0

- (PRI

_____ - .'OE;BﬁﬂDJ
Gaotre-e
Az
60.8 61 61.2 61.4
Position on Chr2 (Mb)

Plotted SNPs | |

D o/

Control for ¢ |00
rs10160518

o
I
=

@
o
-]

-logsalp)

- ap

(@] 2182 uonewqucaay

76 76.2 76.4 76.6
Position on Chrll (Mb)

Figure 4. Regional Plots of the Three Most Associated Loci with GCA outside the HLA Region in the Overall Meta-analysis after

Imputation

(A) Protein tyrosine phosphatase non-receptor type 22 (PTPN22) region.
(B) v-rel avian reticuloendotheliosis viral oncogene homolog (REL) region.

(C) Leucine-rich repeat containing 32 (LRRC32) region.

(D) Results for the LRRC32 region after conditioning for the lead SNP (rs10160518).

Red arrows point to the lead variants (highlighted in violet).

Polygenic Risk Score Analysis

Taking into account that some of the most associated var-
iants with GCA are confirmed RA risk factors, we calculated
polygenic risk scores predictive for RA susceptibility in our
samples and tested whether there were differences in the
distribution of the scores between case and control sub-
jects (Figure 5). Three different scores were constructed
per sample: (1) with all the RA-associated variants, (2)
including only the non-HLA SNPs, and (3) considering
only the HLA amino acids conferring higher susceptibility
to RA.?! In the three analyses, the mean score was higher in
the GCA set that in control subjects. The most significant
differences between case and control subjects were
observed when the scores were calculated with all the
RA variants (likelihood p value = 9.32 x 10~2%; Figures
5A and 5B). The difference of the score distribution be-
tween case and control subjects was also highly significant
when only the five RA-risk amino acids were considered to
calculate the scores (likelihood p value = 3.71 x 10~%%; Fig-
ures S5E and SF). Although a less significant p value was ob-

tained with the scores calculated with the non-HLA alleles,
there was still some evidence of an effect (likelihood
p value =5.57 x 10~%; Figures 5C and 5D). However, these
results must be interpreted with caution, because they sug-
gest only that RA and GCA case subjects are genetically
more similar to each other than each is to healthy control
subjects. Further analyses are needed to obtain a better esti-
mation of the shared genetic component between this
type of vasculitis and other immune-mediated diseases.

Discussion

This study was performed with a large GCA cohort of indi-
viduals from different European ancestries that cover the
whole gradient in prevalence for populations of European
descent.*!

Our data show strong evidence for substantial involve-
ment of HLA class II region in the pathophysiology of
GCA. We confirmed the previous associations of GCA
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Figure 5. Distributions of Genetic Risk
Score Predictive for Susceptibility to
Develop Rheumatoid Arthritis by Disease
Status

(A, C, and E) Histogram of genetic risk
scores calculated with all the RA alleles
(A), with non-HLA alleles only (C), or
with HLA alleles only (E).

(B, D, and F) Distribution curve of genetic
risk scores calculated with all the RA alleles
(B), with non-HLA alleles only (D), or with
HLA alleles only (F).

HLA-B*51 (particularly 51:01) has
been identified as the strongest
known genetic risk factor for BD,
another type of vasculitis, although
HLA-B 45 does not seem to be a rele-
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with HLA-DRB1*04 alleles (both 04:01 and 04:04).*>~*° We
also identified HLA-DQA1 as an independent novel suscep-
tibility factor for GCA, specifically the classical alleles
DQA1*0101, DQA1*0102, and HLA-DQA1*03:01. The
level of statistical significance observed within the HLA re-
gion in our study highlights the importance of the im-
mune system in the development of GCA. Our results are
consistent with the hypothesis of dysregulated interac-
tions between the vessel wall and immune cells as respon-
sible for the development of large-vessel vasculitides.”’

Novel imputation methods are allowing the identifica-
tion of specific amino acid positions of HLA molecules
associated with immune-mediated diseases, including
RA,?!°! $Sc,' and Behcet disease (BD [MIM 109650]),°
thus increasing our understanding of the complex HLA as-
sociations with different autoimmune processes. With this
state-of-the-art methodology, we built a model including
class II amino acid positions (HLA-DRB1 13 and HLA-
DQal 47, 56, 76) and one class I amino acid position
(HLA-B 45) that explained most of the HLA association
with GCA in our study cohort. Some of these amino acid
positions are located in the binding groove of their corre-
sponding HLA molecules and are directly involved in the
peptide binding***?~>* (Figure 6).

According to our results, the presence of a Thr in posi-
tion 45 of HLA-B might be protective of the development
of GCA. Interestingly, classical HLA alleles containing
Thr45, such as HLA-B*51:01, have been associated with
a delay in the onset of AIDS (MIM 609423)-defining dis-
eases and a better control of HIV infection.>® In addition,

Score

vant position for this association.
However, no significant risk effects
were observed for any of the other
amino acids (Met, Glu, and Lys) of
this position in our sample set,
despite the strong influence that this
position seems to have on the fea-
tures of the bound peptides.>* This
could be the reason for the lower sta-
tistical significance of this position in
the omnibus test compared with the associated positions
of HLA-DQa1 and HLA-DRp1. Both class II molecules har-
bor amino acids with strong effect sizes in both sides (e.g.,
risk for HLA-DRB1 His13 / HLA-DQal haplotype A, and
protection for HLA-DRB1 Ser13 / HLA-DQuo1 haplotype B).

In relation to HLA-DQu1, Arg56 is directly involved in
hydrogen bonding to the DQ2.5-glia-y-4c epitope,”” and
it might represent a critical position in the binding groove
of the HLA-DQ molecule. Additionally, DQA1*01 alleles
containing HLA-DQa1 Gly56 have been recently associ-
ated with immune-mediated disorders. For example, a
model including DQA1*01:02 (together with DRB1*03:01
and DRB1*08:01) has been proposed to explain the HLA
associations with systemic lupus erythematosus (MIM
152700).°° Similarly, homozygosity of DQA1*01:02 seems
to play a crucial role in the development of narcolepsy
with cataplexy.®’

In contrast to the data on DQ* HLA-DRB1 Hisl3 is
included in the previously identified GCA-associated
alleles HLA-DRB1*04:01 and HLA-DRB1*04:04.*>*’ This
amino acid is in tight LD with the top most associated po-
sition with RA (HLA-DRB1 Val11).?! In the study of RA, it
was not possible to unambiguously assign causality to
one position at the exclusion of the other, indicating
that HLA-DRB1 His13 cannot be ruled out as the major
contributor to the HLA association with RA.?! Indeed,
the two more associated amino acids with RA and GCA
risk at those positions (HLA-DRB1 His13 and HLA-DRB1
Vall1) showed also a high LD in our dataset (* = 0.94),
and it could be possible that HLA-DRB1 11 represents a

o® o P P
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HLA-DQB1

HLA-B

Figure 6. Ribbon Representation of the HLA Molecules HLA-DR,
HLA-DQ, and HLA-B/B, Microglobulin

The amino acid positions of the HLA model associated with GCA
are highlighted in orange.

causal position for GCA. However, the effect sizes observed
for both the HLA-DRB1 Vall1 residue (p = 2.22 x 10732,
OR = 1.80) and the HLA-DRB1 11 position (p = 5.06 X
10737) were clearly lower than those observed for HLA-
DRB1 His13 (5.12 x 103%, OR = 1.92) and position 13
of HLA-DRB1 (p = 4.08 x 10~*) in our study. In addition,
the effect of position 11 in GCA susceptibility was com-
pletely eliminated after conditioning on position 13
(p = 0.64), whereas a suggestive association with position
13 remained after conditioning on position 11 (p =
6.74 x 1079).

Remarkably, candidate gene studies in GCA suggested
that this vasculitis shares some of its genetic component
with RA.> Our data clearly support this hypothesis, because
two out of the three top signals outside the HLA region in
our Immunochip study, PTPN22 and REL, are important
susceptibility factors for RA.**°%°? In addition, PRKCQ,
another RA risk gene of the REL pathway,” is also among
the most significant loci in our study. The above is consis-
tent with the clear difference that we observed in the poly-
genic risk scores predictive for RA risk between GCA case
and control subjects.

Furthermore, the autoimmune disease-associated PTPN22
SNP 1s2476601/p.Arg620Trp, which is a central negative
regulator of both B and T cell receptor signaling,®’ was
the top signal in the non-HLA analysis of GCA. There is con-
troversy about the suitability of using the strict genome-
wide significance threshold (5 x 10®) in Immunochip
studies,®” because the design of this custom array was not
based on SNPs tagging the whole genome but on the fine-
mapping of immune genes.® We estimated that the total
number of independent signals in our filtered dataset was
23,791 (indep-pairwise option of PLINK with values 50 5
0.2) and, therefore, an appropriate Bonferroni-based statisti-
cal threshold for our study could be considered 2.10 x 107,
Similarly, with the Genetic type 1 Error Calculator (GEC)
software, which implements a previously validated method
to calculate the threshold for statistical significance required

to control the genome-wide type 1 error rate at 0.05,°*
1.77 x 10~° was obtained as significance threshold for our
study. Hence, with this criterion, PTPN22 152476601 would
represent a confirmed associated variant in GCA. This same
genetic variant was recently identified by our group as a sus-
ceptibility factor for this type of vasculitis through a candi-
date gene strategy, via using a GCA sample collection that
partially overlaps (48%) with the one analyzed here.*’
Therefore, this study confirms PTPN22 as the non-HLA
gene with greatest effect susceptibility to GCA described to
date, as it occurs in RA.%*

Regarding REL, it should be noted that 15115674477 ap-
pears as an isolated singleton in our study. Considering its
low frequency (MAF < 0.03), reasonable doubts might
arise about the reliability of this association. However,
the consistency of the effect sizes observed for this SNP
across the different populations suggests that it might
represent a real association signal. REL encodes a member
of the NF-xkB family of transcription factors known as
c-Rel, which is involved in T cell and antigen-presenting
cell function.®® It has been demonstrated that c-Rel regu-
lates the expression of the Thl-cell-promoting cytokine
IL-12 and the Th17-cell-promoting cytokine IL-23 in den-
dritic cells and macrophages, respectively.””®” Further-
more, c-Rel is also required for the expression of FoxP3, a
master regulator in the development and function of reg-
ulatory T (Treg) cells.®®“? Interestingly, the second non-
HLA hit in our study, LRRC32 (also known as glycoprotein
A repetition predominant protein [GARP]), is highly ex-
pressed in activated Treg cells and it could also control
the expression of FoxP3.”””! It has been reported that
the surface localization of LRRC32 alters the surface
expression of T cell activation markers and that LRRC32*
Treg cells mediate more suppressive signals than
LRRC32~ Treg cells.”” Genetic variants of LRRC32 have
been associated through genome-wide association studies
with UC, atopic dermatitis, and allergic rhinitis (MIM
607154).”>77° In UC and allergic rhinitis, the associated
variant corresponded with rs215521,”*”° one of the two
linked LRRC32 SNPs that are more significantly associated
with GCA in our study. Considering that current knowl-
edge points to Th1, Th17, and Treg cells, together with
dendritic cells and macrophages, as the most relevant
cell types in GCA pathophysiology,’®’’ we propose
that both LRRC32 and REL might represent true risk fac-
tors for this type of vasculitis, albeit not reaching the
genome-wide level of significance.

In summary, through a comprehensive screening of
immune loci, we have derived a testable model of
different HLA amino acid positions (HLA-DRB1 13,
HLA-DQoal 47, 56, 76, and HLA-B 45) that explains
most of the HLA association with GCA. However, it is
important to note that, despite the clear biological impli-
cation of our model, there was insufficient statistical po-
wer in the current dataset to definitively confirm these
positions as the true causal drivers of the HLA association
with GCA, considering the high level of LD within this
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genomic region. Consequently, it should be tested in
future studies.

Additionally, our data implicate other putative suscepti-
bility genes outside the HLA region, such as PTPN22,
LRRC32, and REL, which encode key proteins involved in
T cell function. Further collaborative efforts are necessary
to increase the sample size of the current GCA cohorts
and to definitively confirm these loci at the genome-wide
level of significance. Replication of our findings in inde-
pendent GCA cohorts with greater statistical power and
functional studies confirming the involvement of the pro-
posed variants in the disease pathophysiology would also
be desirable to substantiate them.
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NCBI, http://www.ncbi.nlm.nih.gov/

OMIM, http://www.omim.org/
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R statistical software, http://www.r-project.org/
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http://statgenpro.

References

1. Jennette, J.C., Falk, R.J., Bacon, P.A., Basu, N., Cid, M.C., Fer-
rario, F., Flores-Suarez, L.F, Gross, W.L., Guillevin, L., Hagen,
E.C., et al. (2013). 2012 revised International Chapel Hill
Consensus Conference Nomenclature of Vasculitides.
Arthritis Rheum. 65, 1-11.

2. Gonzalez-Gay, M.A., Vazquez-Rodriguez, T.R., Lopez-Diaz,
M.J., Miranda-Filloy, J.A., Gonzalez-Juanatey, C., Martin, J.,
and Llorca, J. (2009). Epidemiology of giant cell arteritis and
polymyalgia rheumatica. Arthritis Rheum. 61, 1454-1461.

3. Gonzalez-Gay, M.A., Blanco, R., Rodriguez-Valverde, V., Marti-
nez-Taboada, V.M., Delgado-Rodriguez, M., Figueroa, M., and
Uriarte, E. (1998). Permanent visual loss and cerebrovascular
accidents in giant cell arteritis: predictors and response to
treatment. Arthritis Rheum. 41, 1497-1504.

4. Ly, K.H., Régent, A., Tamby, M.C., and Mouthon, L. (2010).
Pathogenesis of giant cell arteritis: More than just an inflam-
matory condition? Autoimmun. Rev. 9, 635-645.

5. Carmona, ED., Gonzalez-Gay, M.A., and Martin, J. (2014). Ge-
netic component of giant cell arteritis. Rheumatology (Ox-
ford) 53, 6-18.

6. Cortes, A., and Brown, M.A. (2011). Promise and pitfalls of the
Immunochip. Arthritis Res. Ther. 13, 101.

The American Journal of Human Genetics 96, 565-580, April 2, 2015 577


http://dx.doi.org/10.1016/j.ajhg.2015.02.009
http://browser.1000genomes.org
http://faculty.washington.edu/browning/beagle/beagle.html
http://faculty.washington.edu/browning/beagle/beagle.html
http://csg.sph.umich.edu/abecasis/CaTS/
http://csg.sph.umich.edu/abecasis/CaTS/
http://statgenpro.psychiatry.hku.hk/gec/
http://statgenpro.psychiatry.hku.hk/gec/
http://www.gettinggeneticsdone.com/2011/04/annotated-manhattan-plots-and-qq-plots.html
http://www.gettinggeneticsdone.com/2011/04/annotated-manhattan-plots-and-qq-plots.html
http://hla.alleles.org/
http://mathgen.stats.ox.ac.uk/impute/impute_v2.html
http://hapmap.ncbi.nlm.nih.gov/
http://csg.sph.umich.edu/locuszoom/
http://www.ncbi.nlm.nih.gov/
http://www.omim.org/
http://pngu.mgh.harvard.edu/%7Epurcell/plink/
http://www.r-project.org/
http://regulome.stanford.edu/
https://www.broadinstitute.org/mpg/snp2hla/
http://www.cgl.ucsf.edu/chimera/

10.

11.

12.

13.

14.

15.

. Saruhan-Direskeneli, G., Hughes, T., Aksu, K., Keser, G., Coit,

P., Aydin, S.Z., Alibaz-Oner, F,, Kamaly, S., Inanc, M., Carette,
S., et al. (2013). Identification of multiple genetic susceptibil-
ity loci in Takayasu arteritis. Am. J. Hum. Genet. 93, 298-305.

. Trynka, G., Hunt, K.A., Bockett, N.A., Romanos, J., Mistry, V.,

Szperl, A., Bakker, S.E, Bardella, M.T., Bhaw-Rosun, L., Castil-
lejo, G., et al.; Spanish Consortium on the Genetics of Coeliac
Disease (CEGEC); PreventCD Study Group; Wellcome Trust
Case Control Consortium (WTCCC) (2011). Dense genotyping
identifies and localizes multiple common and rare variant asso-
ciation signals in celiac disease. Nat. Genet. 43, 1193-1201.

. Eyre, S., Bowes, J., Diogo, D., Lee, A., Barton, A., Matrtin, P,

Zhernakova, A., Stahl, E., Viatte, S., McAllister, K., et al.; Bio-
logics in Rheumatoid Arthritis Genetics and Genomics Study
Syndicate; Wellcome Trust Case Control Consortium (2012).
High-density genetic mapping identifies new susceptibility
loci for rheumatoid arthritis. Nat. Genet. 44, 1336-1340.
Cooper, J.D., Simmonds, M.J., Walker, N.M., Burren, O.,
Brand, O.J., Guo, H., Wallace, C., Stevens, H., Coleman, G.,
Franklyn, J.A., et al,; Wellcome Trust Case Control Con-
sortium (2012). Seven newly identified loci for autoimmune
thyroid disease. Hum. Mol. Genet. 21, 5202-5208.

Tsoi, L.C., Spain, S.L., Knight, ]J., Ellinghaus, E., Stuart, P.E.,
Capon, F, Ding, J., Li, Y., Tejasvi, T., Gudjonsson, J.E., et al.;
Collaborative Association Study of Psoriasis (CASP); Genetic
Analysis of Psoriasis Consortium; Psoriasis Association Ge-
netics Extension; Wellcome Trust Case Control Consortium
2 (2012). Identification of 15 new psoriasis susceptibility loci
highlights the role of innate immunity. Nat. Genet. 44,
1341-1348.

Liu, J.Z., Almarri, M.A., Gaffney, D.J., Mells, G.E, Jostins, L.,
Cordell, HJ., Ducker, SJ., Day, D.B., Heneghan, M.A., Neu-
berger, J.M., et al.; UK Primary Biliary Cirrhosis (PBC) Con-
sortium; Wellcome Trust Case Control Consortium 3 (2012).
Dense fine-mapping study identifies new susceptibility loci
for primary biliary cirrhosis. Nat. Genet. 44, 1137-1141.
Juran, B.D., Hirschfield, G.M., Invernizzi, P., Atkinson, E.J., Li,
Y., Xie, G., Kosoy, R., Ransom, M., Sun, Y., Bianchi, I., et al,;
Italian PBC Genetics Study Group (2012). Immunochip ana-
lyses identify a novel risk locus for primary biliary cirrhosis
at 13q14, multiple independent associations at four estab-
lished risk loci and epistasis between 1p31 and 7q32 risk var-
iants. Hum. Mol. Genet. 21, 5209-5221.

Hinks, A., Cobb, J., Marion, M.C., Prahalad, S., Sudman, M.,
Bowes, J., Martin, P., Comeau, M.E., Sajuthi, S., Andrews, R.,
et al.; Boston Children’s JIA Registry; British Society of Paedi-
atric and Adolescent Rheumatology (BSPAR) Study Group;
Childhood Arthritis Prospective Study (CAPS); Childhood
Arthritis Response to Medication Study (CHARMS); German
Society for Pediatric Rheumatology (GKJR); JIA Gene Expres-
sion Study; NIAMS JIA Genetic Registry; TREAT Study; United
Kingdom Juvenile Idiopathic Arthritis Genetics Consortium
(UKJIAGC) (2013). Dense genotyping of immune-related dis-
ease regions identifies 14 new susceptibility loci for juvenile
idiopathic arthritis. Nat. Genet. 45, 664-669.

Liu, J.Z., Hov, J.R., Folseraas, T., Ellinghaus, E., Rushbrook,
S.M., Doncheva, N.T., Andreassen, O.A., Weersma, R.K., Weis-
miiller, T.J., Eksteen, B., et al.; UK-PSCSC Consortium; Interna-
tional IBD Genetics Consortium; International PSC Study
Group (2013). Dense genotyping of immune-related disease
regions identifies nine new risk loci for primary sclerosing
cholangitis. Nat. Genet. 45, 670-675.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Faraco, J., Lin, L., Kornum, B.R., Kenny, E.E., Trynka, G., Ei-
nen, M., Rico, TJ., Lichtner, P., Dauvilliers, Y., Arnulf, I.,
et al. (2013). ImmunoChip study implicates antigen presenta-
tion to T cells in narcolepsy. PLoS Genet. 9, €1003270.
Cortes, A., Hadler, J., Pointon, ].P., Robinson, P.C., Karaderi, T.,
Leo, P, Cremin, K., Pryce, K., Harris, J., Lee, S., et al.; Interna-
tional Genetics of Ankylosing Spondylitis Consortium
(IGAS); Australo-Anglo-American Spondyloarthritis Con-
sortium (TASC); Groupe Francaise d’Etude Génétique des
Spondylarthrites (GFEGS); Nord-Trgndelag Health Study
(HUNT); Spondyloarthritis Research Consortium of Canada
(SPARCC); Wellcome Trust Case Control Consortium 2
(WTCCC2) (2013). Identification of multiple risk variants for
ankylosing spondylitis through high-density genotyping of
immune-related loci. Nat. Genet. 45, 730-738.

Ellinghaus, D., Baurecht, H., Esparza-Gordillo, J., Rodriguez,
E., Matanovic, A., Marenholz, 1., Hiibner, N., Schaarschmidt,
H., Novak, N., Michel, S., et al. (2013). High-density genotyp-
ing study identifies four new susceptibility loci for atopic
dermatitis. Nat. Genet. 45, 808-812.

Mayes, M.D., Bossini-Castillo, L., Gorlova, O., Martin, J.E.,
Zhou, X., Chen, W.V., Assassi, S., Ying, ]J., Tan, FK., Arnett,
EC,, et al.; Spanish Scleroderma Group (2014). Immunochip
analysis identifies multiple susceptibility loci for systemic scle-
rosis. Am. J. Hum. Genet. 94, 47-61.

Parkes, M., Cortes, A., van Heel, D.A., and Brown, M.A. (2013).
Genetic insights into common pathways and complex rela-
tionships among immune-mediated diseases. Nat. Rev. Genet.
14, 661-673.

Raychaudhuri, S., Sandor, C., Stahl, E.A., Freudenberg, J.,
Lee, H.S., Jia, X., Alfredsson, L., Padyukov, L., Klareskog,
L., Worthington, ]J., et al. (2012). Five amino acids in three
HLA proteins explain most of the association between
MHC and seropositive rheumatoid arthritis. Nat. Genet.
44, 291-296.

Jia, X., Han, B., Onengut-Gumuscu, S., Chen, W.M., Concan-
non, PJ., Rich, S.S., Raychaudhuri, S., and de Bakker, P.I.
(2013). Imputing amino acid polymorphisms in human
leukocyte antigens. PLoS ONE 8, e64683.

Hunder, G.G., Bloch, D.A., Michel, B.A., Stevens, M.B., Arend,
W.P,, Calabrese, L.H., Edworthy, S.M., Fauci, A.S., Leavitt, R.Y.,
Lie, J.T., et al. (1990). The American College of Rheumatology
1990 criteria for the classification of giant cell arteritis.
Arthritis Rheum. 33, 1122-1128.

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira,
M.A., Bender, D., Maller, J., Sklar, P., de Bakker, P.I., Daly,
M.J., and Sham, P.C. (2007). PLINK: a tool set for whole-
genome association and population-based linkage analyses.
Am. J. Hum. Genet. 81, 559-575.

Horton, R., Wilming, L., Rand, V., Lovering, R.C., Bruford,
E.A., Khodiyar, V.K., Lush, M.J., Povey, S., Talbot, C.C., Jr.,
Wright, M.W., et al. (2004). Gene map of the extended human
MHC. Nat. Rev. Genet. 5, 889-899.

Browning, B.L., and Browning, S.R. (2009). A unified approach
to genotype imputation and haplotype-phase inference for
large data sets of trios and unrelated individuals. Am. J.
Hum. Genet. 84, 210-223.

Brown, W.M,, Pierce, J., Hilner, J.E., Perdue, L.H., Lohman, K.,
Li, L., Venkatesh, R.B., Hunt, S., Mychaleckyj, J.C., and Delou-
kas, P.; Type 1 Diabetes Genetics Consortium (2009). Over-
view of the MHC fine mapping data. Diabetes Obes. Metab.
11 (1), 2-7.

578 The American Journal of Human Genetics 96, 565-580, April 2, 2015



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

de Bakker, P.I.,, McVean, G., Sabeti, P.C., Miretti, M.M., Green,
T., Marchini, J., Ke, X., Monsuur, AJ., Whittaker, P., Delgado,
M., et al. (2006). A high-resolution HLA and SNP haplotype
map for disease association studies in the extended human
MHC. Nat. Genet. 38, 1166-1172.

Howie, B.N., Donnelly, P., and Marchini, J. (2009). A flexible
and accurate genotype imputation method for the next gener-
ation of genome-wide association studies. PLoS Genet. 5,
€1000529.

Abecasis, G.R., Altshuler, D., Auton, A., Brooks, L.D., Durbin,
R.M., Gibbs, R.A., Hurles, M.E., and McVean, G.A.; 1000 Ge-
nomes Project Consortium (2010). A map of human genome
variation from population-scale sequencing. Nature 467,
1061-1073.

Skol, A.D., Scott, L.J., Abecasis, G.R., and Boehnke, M. (2006).
Joint analysis is more efficient than replication-based analysis
for two-stage genome-wide association studies. Nat. Genet.
38, 209-213.

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S.,
Greenblatt, D.M., Meng, E.C., and Ferrin, T.E. (2004). UCSF
Chimera—a visualization system for exploratory research
and analysis. J. Comput. Chem. 25, 1605-1612.

Pruim, R.J., Welch, R.P,, Sanna, S., Teslovich, T.M., Chines,
P.S., Gliedt, T.P.,, Boehnke, M., Abecasis, G.R., and Willer,
C.J. (2010). LocusZoom: regional visualization of genome-
wide association scan results. Bioinformatics 26, 2336-
2337.

Okada, Y., Wu, D., Trynka, G., Raj, T., Terao, C., Ikari, K., Ko-
chi, Y., Ohmura, K., Suzuki, A., Yoshida, S., et al.; RACI con-
sortium; GARNET consortium (2014). Genetics of rheumatoid
arthritis contributes to biology and drug discovery. Nature
506, 376-381.

Brown, J.H., Jardetzky, T.S., Gorga, J.C., Stern, L.J., Urban,
R.G., Strominger, J.L., and Wiley, D.C. (1993). Three-dimen-
sional structure of the human class II histocompatibility anti-
gen HLA-DRI1. Nature 364, 33-39.

Ombrello, M.]., Kirino, Y., de Bakker, P.I., Giil, A., Kastner,
D.L., and Remmers, E.F. (2014). Behcet disease-associated
MHC class I residues implicate antigen binding and regulation
of cell-mediated cytotoxicity. Proc. Natl. Acad. Sci. USA 111,
8867-8872.

Achkar, J.P, Klei, L., de Bakker, P.I., Bellone, G., Rebert, N.,
Scott, R., Lu, Y., Regueiro, M., Brzezinski, A., Kamboh, M.IL.,
et al. (2012). Amino acid position 11 of HLA-DRP1 is a major
determinant of chromosome 6p association with ulcerative
colitis. Genes Immun. 13, 245-252.

Bottini, N., and Peterson, E.J. (2014). Tyrosine phosphatase
PTPN22: multifunctional regulator of immune signaling,
development, and disease. Annu. Rev. Immunol. 32, 83-119.
Serrano, A., Marquez, A., Mackie, S.L., Carmona, ED., Solans,
R., Miranda-Filloy, J.A., Hernandez-Rodriguez, J., Cid, M.C.,
Castaneda, S., Morado, I.C., et al.; UK GCA Consortium Span-
ish GCA Consortium (2013). Identification of the PTPN22
functional variant R620W as susceptibility genetic factor for
giant cell arteritis. Ann. Rheum. Dis. 72, 1882-1886.
Ricafio-Ponce, 1., and Wijmenga, C. (2013). Mapping of im-
mune-mediated disease genes. Annu. Rev. Genomics Hum.
Genet. 14, 325-353.

Gonzalez-Gay, M.A., Martinez-Dubois, C., Agudo, M., Pom-
pei, O., Blanco, R., and Llorca, J. (2010). Giant cell arteritis:
epidemiology, diagnosis, and management. Curr. Rheumatol.
Rep. 12, 436-442.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Gonzalez-Gay, M.A., Amoli, M.M., Garcia-Porrua, C., and Ol-
lier, W.E. (2003). Genetic markers of disease susceptibility
and severity in giant cell arteritis and polymyalgia rheumatica.
Semin. Arthritis Rheum. 33, 38-48.

Rauzy, O., Fort, M., Nourhashemi, F, Alric, L., Juchet, H.,
Ecoiffier, M., Abbal, M., and Adoue, D. (1998). Relation be-
tween HLA DRBI alleles and corticosteroid resistance in giant
cell arteritis. Ann. Rheum. Dis. 57, 380-382.

Gonzalez-Gay, M.A., Garcia-Porrta, C., Llorca, J., Hajeer, A.H.,
Branias, F, Dababneh, A., Gonzalez-Louzao, C., Rodriguez-Gil,
E., Rodriguez-Ledo, P., and Ollier, W.E. (2000). Visual manifes-
tations of giant cell arteritis. Trends and clinical spectrum in
161 patients. Medicine (Baltimore) 79, 283-292.

Jacobsen, S., Baslund, B., Madsen, H.O., Tvede, N., Svejgaard,
A., and Garred, P. (2002). Mannose-binding lectin variant al-
leles and HLA-DR4 alleles are associated with giant cell arter-
itis. J. Rheumatol. 29, 2148-2153.

Weyand, C.M., Hunder, N.N., Hicok, K.C., Hunder, G.G., and
Goronzy, J.J. (1994). HLA-DRBL1 alleles in polymyalgia rheu-
matica, giant cell arteritis, and rheumatoid arthritis. Arthritis
Rheum. 37, 514-520.

Dababneh, A., Gonzalez-Gay, M.A., Garcia-Porrua, C., Hajeer,
A., Thomson, W., and Ollier, W. (1998). Giant cell arteritis
and polymyalgia rheumatica can be differentiated by distinct
patterns of HLA class II association. ]J. Rheumatol. 25, 2140-
2145.

Cid, M.C,, Ercilla, G., Vilaseca, J., Sanmarti, R., Villalta, J., In-
gelmo, M., and Urbano-Marquez, A. (1988). Polymyalgia
rheumatica: a syndrome associated with HLA-DR4 antigen.
Arthritis Rheum. 31, 678-682.

Weyand, C.M., Hicok, K.C., Hunder, G.G., and Goronzy, J.J.
(1992). The HLA-DRBI1 locus as a genetic component in giant
cell arteritis. Mapping of a disease-linked sequence motif to
the antigen binding site of the HLA-DR molecule. ]J. Clin.
Invest. 90, 2355-2361.

Weyand, C.M., and Goronzy, J.J. (2013). Immune mecha-
nisms in medium and large-vessel vasculitis. Nat Rev Rheuma-
tol 9, 731-740.

Bossini-Castillo, L., de Kovel, C., Kallberg, H., van 't Slot, R.,
Italiaander, A., Coenen, M., Tak, P.P., Posthumus, M.D., Wij-
menga, C., Huizinga, T., et al.; LifeLines Cohort Study
(2015). A genome-wide association study of rheumatoid
arthritis without antibodies against citrullinated peptides.
Ann. Rheum. Dis. 74, el5.

Tollefsen, S., Hotta, K., Chen, X., Simonsen, B., Swaminathan,
K., Mathews, L.1., Sollid, L.M., and Kim, C.Y. (2012). Structural
and functional studies of trans-encoded HLA-DQ2.3 (DQA1*
03:01/DQB1*02:01) protein molecule. J. Biol. Chem. 287,
13611-13619.

Rader, G., Blicher, T., Justesen, S., Johannesen, B., Kristensen,
0., Kastrup, J., Buus, S., and Gajhede, M. (2006). Crystal struc-
tures of two peptide-HLA-B*1501 complexes; structural char-
acterization of the HLA-B62 supertype. Acta Crystallogr. D
Biol. Crystallogr. 62, 1300-1310.

Badrinath, S., Huyton, T., Schumacher, H., Blasczyk, R., and
Bade-Doeding, C. (2012). Position 45 influences the peptide
binding motif of HLA-B*44:08. Immunogenetics 64, 245-249.
O’Brien, SJ., Gao, X., and Carrington, M. (2001). HLA and
AIDS: a cautionary tale. Trends Mol. Med. 7, 379-381.
Morris, D.L., Taylor, K.E., Fernando, M.M., Nititham, J., Alar-
con-Riquelme, M.E., Barcellos, L.E, Behrens, T.W., Cotsapas,
C., Gaffney, PM., Graham, R.R., et al; International

The American Journal of Human Genetics 96, 565-580, April 2, 2015 579



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

MHC and Autoimmunity Genetics Network; Systemic Lupus
Erythematosus Genetics Consortium (2012). Unraveling mul-
tiple MHC gene associations with systemic lupus erythemato-
sus: model choice indicates a role for HLA alleles and non-HLA
genes in Europeans. Am. J. Hum. Genet. 91, 778-793.

van der Heide, A., Verduijn, W., Haasnoot, G.W., Drabbels, ] J.,
Lammers, G.J., and Claas, EH. (2015). HLA dosage effect in
narcolepsy with cataplexy. Immunogenetics 67, 1-6.
Begovich, A.B., Carlton, V.E., Honigberg, L.A., Schrodi, SJ.,
Chokkalingam, A.P., Alexander, H.C., Ardlie, K.G., Huang,
Q., Smith, A.M., Spoerke, J.M., et al. (2004). A missense sin-
gle-nucleotide polymorphism in a gene encoding a protein
tyrosine phosphatase (PTPN22) is associated with rheumatoid
arthritis. Am. J. Hum. Genet. 75, 330-337.

Gregersen, P.K., Amos, C.I., Lee, A.T,, Lu, Y., Remmers, E.E,
Kastner, D.L., Seldin, M.E, Criswell, L.A., Plenge, R.M., Holers,
V.M., et al. (2009). REL, encoding a member of the NF-kappaB
family of transcription factors, is a newly defined risk locus for
rheumatoid arthritis. Nat. Genet. 41, 820-823.
Raychaudhuri, S., Remmers, E.E, Lee, A.T., Hackett, R., Gui-
ducci, C., Burtt, N.P,, Gianniny, L., Korman, B.D., Padyukov,
L., Kurreeman, FA., et al. (2008). Common variants at CD40
and other loci confer risk of rheumatoid arthritis. Nat. Genet.
40, 1216-1223.

Zhang, J., Zahir, N., Jiang, Q., Miliotis, H., Heyraud, S., Meng,
X., Dong, B., Xie, G., Qiu, E, Hao, Z., et al. (2011). The autoim-
mune disease-associated PTPN22 variant promotes calpain-
mediated Lyp/Pep degradation associated with lymphocyte
and dendritic cell hyperresponsiveness. Nat. Genet. 43,
902-907.

Sham, P.C., and Purcell, S.M. (2014). Statistical power and
significance testing in large-scale genetic studies. Nat. Rev.
Genet. 15, 335-346.

Li, M.X., Yeung, J].M., Cherny, S.S., and Sham, P.C. (2012).
Evaluating the effective numbers of independent tests and sig-
nificant p-value thresholds in commercial genotyping arrays
and public imputation reference datasets. Hum. Genet. 131,
747-756.

Viatte, S., Plant, D., and Raychaudhuri, S. (2013). Genetics and
epigenetics of rheumatoid arthritis. Nat Rev Rheumatol 9,
141-153.

Hayden, M.S., West, A.P., and Ghosh, S. (2006). NF-kappaB
and the immune response. Oncogene 25, 6758-6780.
Mise-Omata, S., Kuroda, E., Niikura, J., Yamashita, U., Obata,
Y., and Doi, T.S. (2007). A proximal kappaB site in the IL-23
p19 promoter is responsible for RelA- and c-Rel-dependent
transcription. J. Immunol. 179, 6596-6603.

Grumont, R., Hochrein, H., O’Keeffe, M., Gugasyan, R.,
White, C., Caminschi, I., Cook, W., and Gerondakis, S.
(2001). c-Rel regulates interleukin 12 p70 expression in

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

CD8(+) dendritic cells by specifically inducing p35 gene tran-
scription. J. Exp. Med. 194, 1021-1032.

Zhang, L., and Zhao, Y. (2007). The regulation of Foxp3
expression in regulatory CD4(+)CD25(+)T cells: multiple
pathways on the road. J. Cell. Physiol. 211, 590-597.

Lio, C.W.,, and Hsieh, C.S. (2011). Becoming self-aware: the
thymic education of regulatory T cells. Curr. Opin. Immunol.
23, 213-219.

Wang, R., Wan, Q., Kozhaya, L., Fujii, H., and Unutmaz, D.
(2008). Identification of a regulatory T cell specific cell surface
molecule that mediates suppressive signals and induces Foxp3
expression. PLoS ONE 3, e2705.

Wang, R., Kozhaya, L., Mercer, F., Khaitan, A., Fujii, H., and
Unutmaz, D. (2009). Expression of GARP selectively identifies
activated human FOXP3+ regulatory T cells. Proc. Natl. Acad.
Sci. USA 106, 13439-13444.

Chan, D.V., Somani, A.K., Young, A.B., Massari, J.V., Ohtola, J.,
Sugiyama, H., Garaczi, E., Babineau, D., Cooper, K.D., and Mc-
Cormick, T.S. (2011). Signal peptide cleavage is essential for
surface expression of a regulatory T cell surface protein,
leucine rich repeat containing 32 (LRRC32). BMC Biochem.
12, 27.

Anderson, C.A., Boucher, G., Lees, C.W., Franke, A., D’Amato,
M., Taylor, K.D., Lee, ].C., Goyette, P., Imielinski, M., Latiano,
A., et al. (2011). Meta-analysis identifies 29 additional ulcera-
tive colitis risk loci, increasing the number of confirmed asso-
ciations to 47. Nat. Genet. 43, 246-252.

Esparza-Gordillo, J., Weidinger, S., Folster-Holst, R., Bauer-
feind, A., Ruschendorf, E, Patone, G., Rohde, K., Marenholz,
1., Schulz, E, Kerscher, T., et al. (2009). A common variant
on chromosome 11q13 is associated with atopic dermatitis.
Nat. Genet. 41, 596-601.

Ramasamy, A., Curjuric, 1., Coin, L.J., Kumar, A., McArdle,
W.L., Imboden, M., Leynaert, B., Kogevinas, M., Schmid-Gren-
delmeier, P., Pekkanen, J., et al. (2011). A genome-wide meta-
analysis of genetic variants associated with allergic rhinitis
and grass sensitization and their interaction with birth order.
J. Allergy Clin. Immunol. 128, 996-1005.

Samson, M., Audia, S., Fraszczak, J., Trad, M., Ornetti, P., Lak-
omy, D., Ciudad, M., Leguy, V., Berthier, S., Vinit, J., et al.
(2012). Thl and Th17 lymphocytes expressing CD161 are
implicated in giant cell arteritis and polymyalgia rheumatica
pathogenesis. Arthritis Rheum. 64, 3788-3798.
Espigol-Frigolé, G., Corbera-Bellalta, M., Planas-Rigol, E., Loz-
ano, E., Segarra, M., Garcia-Martinez, A., Prieto-Gonzalez, S.,
Hernandez-Rodriguez, J., Grau, J.M., Rahman, M.U., and
Cid, M.C. (2013). Increased IL-17A expression in temporal ar-
tery lesions is a predictor of sustained response to glucocorti-
coid treatment in patients with giant-cell arteritis. Ann.
Rheum. Dis. 72, 1481-1487.

580 The American Journal of Human Genetics 96, 565-580, April 2, 2015



	A Large-Scale Genetic Analysis Reveals a Strong Contribution of the HLA Class II Region to Giant Cell Arteritis Susceptibility
	Introduction
	Subjects and Methods
	Study Population
	Genotyping
	Quality Control
	HLA Imputation
	HLA Imputation Accuracy
	Imputation of Non-HLA Regions
	Statistical Analyses
	Analysis of Enrichment of Rheumatoid-Arthritis-Associated Variants

	Results
	Deep Interrogation of the HLA Region
	Dependence Analysis
	Omnibus Test
	Haplotype Analysis
	Analysis of the Non-HLA Region
	Polygenic Risk Score Analysis

	Discussion
	Supplemental Data
	Acknowledgments
	Web Resources
	References


