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ABSTRACT

Objectives

Juvenile idiopathic arthritis (JIA) is considered a complex genetic autoimmune disease.
We investigated the association of genetic variants previously implicated in JIA, auto-
immunity and/or immunoregulation, with susceptibility to JIA.

Methods

A genetic association study was performed in 639 JIA patients and 1613 healthy con-
trols of North-West European descent. Ninety-three single nucleotide polymorphisms
(SNPs) were genotyped in a candidate gene approach. Results of the entire JIA patient
group (all subtypes) were compared to results obtained, alternatively, with a clinically
homogeneous patient group including only oligoarticular and rheumatoid factor (RF)
negative polyarticular JIA patients (n=493). Meta-analyses were performed for all SNPs
that have been typed in other Caucasian JIA cohorts before.

Results

SNPs in or near PTPN22, VTCN1, the IL2-IL21 region, ANKRD55, and TNFA were con-
firmed to be associated with JIA (p<0.05), strengthening the evidence for involvement
of these genes in JIA. In the majority of these replicated SNPs, effect sizes were larger
when analysing a homogeneous patient cohort than when analysing all subtypes. We
identified two novel associations with oligoarticular and RF negative polyarticular JIA:
(D226 rs763361 (OR 1.30, 95%-Cl 1.12-1.51, p=0.0006) and CD28 rs1980422 (OR
1.29,95%-Cl 1.07-1.55, p=0.008). Meta-analyses including reported studies confirmed
the association of both SNPs with susceptibility to JIA (OR 1.16, p=0.001 and OR 1.18,
p=0.001, for rs763361 and rs1980422 respectively).

Conclusions

The CD226 gene has been identified as novel association with JIA, and a SNP near CD28
as a suggestive association. Both genes are probable candidate risk factors since they
are involved in costimulation of T cells.
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INTRODUCTION

Juvenile idiopathic arthritis (JIA) is the most common chronic rheumatic disease in
childhood. Prevalence numbers vary from 4 to 400 per 100,000 children.* JIA compris-
es a heterogeneous group of conditions that share chronic arthritis with onset before
the age of sixteen. Seven distinct subtypes have been defined by the International
League of Associations of Rheumatologists (ILAR) based on clinical characteristics and
laboratory parameters.? However, phenotypic overlap between subtypes does exist,
particularly between oligoarthritis (persistent and extended) and rheumatoid factor
(RF) negative polyarthritis. These subtypes are only distinguished on the basis of the
number of affected joints at onset and during the course of the disease.> A proportion
of these patients have circulating antinuclear antibodies (ANA) and are specifically at
risk for developing JIA-associated uveitis.’

The pathogenesis of JIA is not well understood. It is considered an autoimmune
disease in which a deregulated T cell response towards an, as yet unidentified,
self-antigen causes joint inflammation.” In most subtypes, synovial inflammation,
which eventually leads to bone erosion, is associated with an overproduction of pro-
inflammatory cytokines, such as TNF-a and IL-17.° JIA is a complex trait in which
both genetic and environmental factors seem to be involved. Ethnic differences in
epidemiologic studies,”*® as well as an increased risk of JIA for relatives of patients
(sibling recurrence risk ratio As of 12),**** form evidence for genetic contribution to
the risk of JIA.

It has become increasingly clear that autoimmune diseases cluster in individuals
and families.*** In line with this, genetic variations have been identified that are
associated with more than one autoimmune disease, like rheumatoid arthritis (RA),
type 1 diabetes mellitus, autoimmune thyroid disease, inflammatory bowel disease,
systemic lupus erythematosus, multiple sclerosis, and also JIA.**2° These results
imply the existence of general genetic susceptibility to autoimmune diseases.
Identification of genetic risk variants could contribute to understanding of disease
pathways, improve diagnosis of (subtypes of) JIA, and ultimately improve prognosis
by providing new targets for therapy. Both candidate gene and genome-wide as-
sociation studies (GWAS) have been performed to elucidate the genetic basis of
JIA. Compared to more common autoimmune diseases, until recently JIA cohorts
were small and heterogeneous. Only few genetic associations had been replicated,
such as PTPN22 and the major histocompatibility complex (MHC) region.?*** Other
(suggestive) JIA susceptibility loci have been reported, but not confirmed, such as
ANKRD55 on 5q11.>> Nevertheless, replication of these loci is essential to exclude
false positive associations. Therefore we investigated in a Caucasian JIA cohort
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genetic loci previously implicated in JIA. Additionally, we investigated the associa-
tion of genetic loci implicated in autoimmunity and/or immunoregulation with JIA.
Analyses were performed in both a large but relatively heterogeneous JIA patient
cohort (including all subtypes), and a smaller but phenotypically more homoge-
neous patient group (including only the persistent and extended oligoarticular and
RF negative polyarticular subtypes).

METHODS

Subjects

DNA was available from 639 JIA patients with all subtypes, recruited through seven
collaborating paediatric rheumatology referral centres in The Netherlands, Belgium,
Germany, and Switzerland. All patients were of self-reported or parent-reported North-
West European Caucasian descent. JIA cases were classified according to the revised
ILAR criteria.” The patient group contained 263 patients with persistent oligoarthritis,
88 with extended oligoarthritis, and 142 with RF negative polyarthritis, resulting in a
homogeneous group of 493 patients (Table 1).

DNA samples from healthy Caucasian controls were collected from three sources.
See online supplementary methods for a detailed description of the control panels.
Of the 93 markers that were successfully typed in the JIA patients, 40 were typed in
869 controls and 53 in 1319 controls (supplementary Tables S1, S2).

All patients and controls provided informed consent. The institutional review boards
of all participating centres approved this study.

Genotyping

We genotyped single nucleotide polymorphisms (SNPs) adopting a candidate gene ap-
proach. The choice for specific genes and/or SNPs was based on previous reports sug-
gesting involvement in JIA, other autoimmune diseases and/or immunoregulation. 93
SNPs located in 57 genes/loci passed quality control, listed in supplementary Table S2.
See online supplementary methods for a detailed description of genotyping methods.

Statistical analysis

Allele frequencies were compared between JIA cases and controls. Allelic odds ratios
(OR) and 95% confidence intervals (Cl) were calculated using the allelic case-control
association test in PLINK.> These ORs correspond to the genotypic ORs of an additive
model. We differentiated between loci that have been associated with JIA before (‘JIA
replication loci’; 36 of 93 successfully typed SNPs) and loci that have not been impli-
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Table 1
Patient characteristics of the JIA cohort
n (%)
Total cohort 639
Gender
Female 439 (69)
Male 200 (31)
Origin
The Netherlands 324 (51)
Belgium 94 (15)
Germany 93 (15)
Switzerland 128 (20)
Subtype
Persistent oligoarthritis 263 (41)
Extended oligoarthritis 88 (14)
RF negative polyarthritis 142 (22)
RF positive polyarthritis 22 (3)
Systemic JIA 73 (11)
Psoriatric arthritis 4 (<1)
Enthesitis related arthritis (<1)
Undifferentiated JIA 4 (7)
ANA status
Positive 280 (44)
Negative 229 (36)
Inconclusive/unknown 130 (20)
Family history ®
AID in 1% degree relative 69 (16)
AID in 1* or 2" degree relative 169 (38)

RF: rheumatoid factor; ANA: antinuclear antibodies; AID: autoimmune disease
a) Family history known of 442 patients

cated in JIA before (57 SNPs) (supplementary Table S2). For analysis of ‘replication loci’
we included patients with all JIA subtypes, to conform to reported studies that revealed
these JIA loci. Because there was a prior probability that these loci would be associated
with JIA in our study too, a p value < 0.05 was considered significant for these SNPs.
We also performed the association analyses including only the most homogeneous JIA
subtypes (persistent and extended oligoarthritis and RF negative polyarthritis, n=493).
For the other 57 SNPs we analysed these 493 homogeneous JIA patients by compar-
ing them as a group to controls. To adjust for multiple testing, a Bonferroni correction
should be applied to the results for these 57 SNPs, leading to a significance threshold

63



64 | Chapter4

of p < 0.001. Additionally, we performed ILAR subtype-specific case-control analyses
(within the homogeneous patient group) for all 93 SNPs, and also compared all ANA
positive patients within this group to controls (supplementary Table S3).
Meta-analyses were performed for all SNPs that have been investigated in JIA before
(supplementary Tables S4, S5). We included reported genetic association studies
in Caucasian case-control cohorts (including a mixed set of JIA subtypes), in which
the same SNPs have been typed. We excluded studies for which data necessary to
calculate allelic ORs were not available. Not all JIA replication loci were included for
meta-analyses because of these inclusion and exclusion criteria. In case of overlap-
ping individuals in reported studies, we only included the study with the largest
JIA cohort. For meta-analyses of rs1980422 near CD28 and rs763361 in CD226, we
performed analyses in homogeneous (oligoarticular and RF negative polyarticular)
JIA patients.’®?*?> Because of the small number of studies included in the meta-
analyses, a fixed-effects model was used in a Mantel-Haenszel test.

All statistical analyses were performed with use of the software PLINK v1.07 (http://
pngu.mgh.harvard.edu/purcell/plink/).**

RESULTS

Replication of JIA loci

Thirty-six SNPs that have been previously reported to be associated with JIA were
investigated in our entire JIA cohort consisting of 639 patients with all seven different
subtypes. To conform to reported studies, all ILAR subtypes were included. Nine of
36 reported SNPs were confirmed to be associated (p < 0.05): VTICN1 rs10923217,
KIAA1109 rs4505848, [1L21 rs1398553, ANKRD55 rs6859219, TNFA rs1799724,
rs1800750, rs361525, and rs1800610, and MIF rs755622 (Table 2). Because we
propose to perform association studies only in a patient cohort as homogeneous
as possible, additional analyses were limited to only oligoarthritis and RF negative
polyarthritis (n=493). Although limiting the patient group led to fewer cases, all
associations were still significant (Table 2). By performing analyses in the smaller,
more homogeneous JIA cohort, the reported JIA SNPs PTPN22 rs2476601 and TNFA
rs1800629 were additionally confirmed. In the majority of these replicated associa-
tions, analysis in the more homogeneous patient cohort led to larger effect sizes. For
all SNPs that had been investigated in Caucasian JIA cohorts before, a meta-analysis
was performed. For 23 of 36 replication loci, appropriate data for meta-analyses were
available, of which PTPN22 rs2476601, VTCN1 rs10923217, rs6669320, rs10923223
and rs12046117, PTPRCrs10919563, AFF3 rs1160542, CCR5 rs333, TNFArs1799724,
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TNFAIP3 rs6920220, TNPO3 rs10488631, IL2RA rs2104286, and CLEC16A rs6498169
were significant (supplementary Table S4).

Novel JIA loci

An additional 57 SNPs, not reported to be associated with JIA before, located in or near
autoimmune loci, were investigated in the homogeneous patient cohort. One SNP was
strongly associated with JIA, CD226 15763361 (OR 1.30, 95% Cl 1.12-1.51, p=0.0006).
This SNP has not been reported to be associated with JIA before and represents a novel
association (Table 3). The effect is particularly prominent in the persistent oligoarthritis
patients (OR 1.39, p=0.0008) (supplementary Table S3). CD226 rs763361 has been
investigated before in two other Caucasian JIA cohorts and a non-significant trend of
this SNP towards association with JIA (all subtypes) was reported (p=0.13"%; p=0.059%).
We performed a meta-analysis combining the results from our study and the published
data. To limit clinical heterogeneity between study cohorts, only patients with oligo-
articular and RF negative polyarticular JIA were included in this meta-analysis. The
meta-analysis revealed a combined association of this CD226 variant with JIA, OR 1.16,
p=0.001 (supplementary Table S5, Figure S1).

Rs1980422 near CD28 was revealed as a suggestive association (OR 1.29, 95% Cl
1.07-1.55, p=0.008) which was not significant after correction for multiple testing
(Table 3). The effect of this SNP is particularly prominent in ANA-positive patients
(OR 1.52, p=0.0004) (supplementary Table S3). This SNP was investigated before
in 3 GWAS in Caucasian (oligoarticular and RF-negative polyarticular) JIA patients
and a trend towards association was reported (p=0.04).** Also for this SNP we per-
formed a meta-analysis combining the results of the present and the reported study,
which resulted in a combined association of rs1980422 with JIA, OR 1.18, p=0.001
(supplementary Table S5, Figure S1).

Table 3
Polymorphisms in immune related genes associated with homogeneous subtypes of JIA®
Gene/ Minor  MAF MAF OR
Chr Position® region  SNP allele controls cases (95% Cl) P (allelic)
2 204610396 (D28 rs1980422 C 0.22 0.27 1.29 0.008079
(1.07-1.55)
18 67531642 (D226 5763361 T 0.47 0.54 1.30 0.0006295
(1.12-1.51)

Chr: chromosome; MAF: minor allele frequency; OR: odds ratio; Cl: confidence interval

?Homogeneous subtypes include oligoarticular (persistent and extended) and RF negative polyarticular JIA patients.
Only SNPs that are (suggestively) associated with p<0.05 are listed.

® Base-pair position is based on NCBI dbSNP build 136
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Pooling our results with published non-significant associations (24 of 57 SNPs) re-
vealed a potential novel association of PRKCQ rs4750316 with JIA (OR 0.90, p=0.01)
(supplementary Table S5).

DISCUSSION

We investigated the role of 93 genetic markers previously associated with JIA or
involved in autoimmunity or immunoregulation in a large Caucasian JIA cohort. We
identified the CD226 gene as a novel association with JIA, and a SNP near CD28 as a
suggestive association.

While this study was powered (>=80%) to detect associations with an effect size
(OR) >= 1.4, for SNPs with a minor allele frequency >= 0.10 at an alpha of 0.05,
replication is the golden standard in genetic association studies and essential to
exclude false-positive results. Collecting a large, homogeneous patient cohort which
generates sufficient power is challenging in JIA, given the relatively low prevalence.
A recent large study in JIA with dense genotyping of immune-related disease lodi,
which was published whilst this study was in progress, has also shown thatincreasing
sample size improves power to detect true JIA loci.** Although meta-analyses have
limitations in case of publication bias and clinical heterogeneity between cohorts,
they are also valuable for evaluating potentially false-positive or false-negative
associations. Pooling of our and published results provides additional evidence for
associations of 13 SNPs in 9 loci previously implicated in JIA. Furthermore, pooling
of non-significant results from several studies suggests association of rs4750316
near PRKCQ with JIA, which is also an RA-locus.?®*” However, heterogeneity within a
cohort (e.g. by including clinically different JIA subtypes) can be a pitfall leading to
false-negative results.

We compared results obtained by analysing the entire JIA patient group in a case-
control study to, alternatively, only JIA patients with the two clinically most similar
ILAR subtypes (persistent and extended) oligoarthritis and RF negative polyarthritis).
Although limiting the inclusion to two JIA subtypes resulted in smaller patient num-
bers, the study had enough power to confirm well-established JIA loci, e.g. PTPN22
and TNFA. In the majority of replicated SNPs, effect sizes were larger when analysing
only the homogeneous cohort. This argues in favour of restricting analyses to a ho-
mogeneous patient cohort, as has also been performed in two recent large studies
in JIA2%2

The associated loci PTPN22 (rs2476601), VTCN1 (rs10923217), KIAA1109
(rs4505848), IL21 (rs1398553), ANKRD55 (rs6859219), and TNFA (rs1799724,
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rs1800750, rs1800629, rs361525, rs1800610) were replicated in this study
strengthening their involvement in JIA. Four of these were confirmed in a meta-anal-
ysis: PTPN22 rs2476601, VTICN1 rs10923217, and TNFA rs1799724 and rs361525.
An additional nine JIA replication SNPs, not confirmed by this study, were signifi-
cantly associated in the meta-analysis. All of these genes are also associated with
RA and/or other autoimmune diseases and are probably involved in the regulation
of the immune response. All genes except ANKRD55 have obvious roles in immune
processes. It should be noted that the C allele of rs755622 in the promoter region
of MIF (encoding the proinflammatory cytokine macrophage migration inhibitory
factor) is associated with protection to JIA in our study, but this conflicts with results
from other JIA cohorts that suggest association of the C allele with susceptibility.?®>*
The reason for these opposing results is not clear, but the minor allele frequency
(MAF) of this SNP in our control cohort is comparable to the MAF in other North-West
European control cohorts.?***** Genetic studies of MIFin RA and inflammatory bowel
disease have yielded similarly opposing results,*****“° indicating that the role of this
SNP in JIA and other autoimmune diseases is still unclear. The other investigated
JIA loci, of which IL2RA and IL2RB reached genome-wide significance in a previous
report, were not confirmed in our cohort, which might be due to insufficient power
to detect modest risk loci.?*> A SNP in IL2RA was significant in the meta-analysis,
underlining the importance of combining data from different JIA cohorts.

One of the strongest replicated associations with JIA is rs6859219, located at locus
5911, in ANKRD55, an ankyrin repeat domain-containing gene with unknown func-
tion. This region has been recently identified by dense genotyping of immune-relat-
ed disease loci in JIA patients.”” Although nearby genes IL6ST and IL31RA encode
proteins involved in immunity, SNPs in these genes are not in linkage disequilibrium
with the associated SNP in ANKRD55. Ankyrin repeat domains are common protein
structures and mediate protein-protein interactions. Although the precise function
of ANKRD55 is not known, it is specifically expressed in resting CD4+ T cells (http://
www.amazonia.transcriptome.eu), which is interesting when a role in autoimmunity
is presumed. Rs6859219 was previously found to be associated with RA in a GWAS
and with multiple sclerosis.** ™

In addition to the confirmation of previously identified associations, two novel
susceptibility loci for the most common JIA subtypes were discovered. CD28
rs1980422 is only weakly associated, but is interesting because of its location
between two immune related genes: CD28 (approximately 10 kb away) and CTLA4
or cytotoxic T-lymphocyte antigen-4 (approximately 129 kb away), a gene that is
associated with multiple autoimmune diseases including RA, with conflicting results
in JIA 1821294445 There is minimal linkage disequilibrium between rs1980422 and
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several SNPsin CTLA4. We also investigated the well-established general autoimmu-
nity SNP rs231775 in CTLA4, but this SNP was not associated with JIA in this study.
Both gene products have opposing roles in T cell activation. CD28 is expressed on
the T cell surface and involved in costimulation of T cells. CTLA4 is expressed by
T cells upon activation by antigen presenting cells. It functions as an attenuator
of T cell activation by competing with CD28 for shared ligands (CD80 and CD86).
Rs1980422 near CD28 was associated with RA in a GWAS.“® In a recent GWAS in
JIA, this SNP was tested, but not significantly associated with JIA after correction for
multiple testing.** Combining these results with ours in a meta-analysis resulted in
a significant association. The CD28 region has not been identified as a significant
JIA susceptibility locus in a recent, large association study in which the ImmunoChip
was used, but interestingly, this ImmunoChip study as well as the JIA GWAS revealed
a strong association of SNPs in the region of CD80, coding for a ligand of CD28, with
JIA**** The implication of three components of this costimulatory pathway, CD80,
CTLA4 and CD28, in JIA and other autoimmune diseases is supportive for a role in
autoimmune pathogenesis.

The most strongly associated novel SNP rs763361 is located in CD226, which
encodes CD226 or DNAX accessory molecule 1 (DNAM-1). DNAM-1 is a type 1
membrane protein belonging to the Ig-supergene family. It is mainly expressed on
T and NK cells and is involved in the adhesion and costimulation of these cells via
its ligands CD112 and CD155.“® The CD226 region has not been identified as a
(genome-wide significant) JIA susceptibility locus in the large association study with
use of the ImmunoChip, which also captures CD226.%* Nevertheless, a meta-analysis
of our study with two previous candidate gene studies confirmed the association
with JIA.*®2> Furthermore, recent genetic studies have reported an association of
this non-synonymous SNP (Gly307Ser) with susceptibility to multiple autoimmune
diseases, as type 1 diabetes mellitus, autoimmune thyroid disease, multiple sclero-
sis, rheumatoid arthritis, and systemic lupus erythematosus, denoting it as a general
autoimmunity locus.**° A fine-mapping study of the 18g22 region, in which the
SNP lies, was performed in type 1 diabetes mellitus and multiple sclerosis patients
by exonic resequencing and tag SNP mapping.*’ This study pointed out the SNP as
a probable causal variant. However, this study cannot exclude other (rare) variants
in linkage disequilibrium with rs763361 being the true causal variant. If rs763361
would be correlated with altered expression and/or signaling, this could explain the
contribution of this variant to autoimmunity. DNAM-1 deficient mice show impaired
control of viral infections and less cytotoxic activity against tumors compared to
wild type mice, suggesting a form of immunodeficiency when CD226 function is im-
paired.”>? In another report in which the role of CD226 in experimental autoimmune
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encephalomyelitis (EAE, a model for multiple sclerosis) was studied, application of
a monoclonal antibody against CD226 led to delayed onset and reduced severity
of EAE.>® This is suggestive for a role of CD226 in the development of autoimmune
disease. By contrast, it is apparently contradictory that individuals that were ho-
mozygous for a CD226 haplotype associated with susceptibility to systemic lupus
erythematosus expressed lower CD226 transcript levels and lower surface proteins
on T cells and NK cells.’® Replication in independent, homogeneous cohorts and
additional fine-mapping and functional studies are needed to clarify the pathogenic
implications of variation in these loci.

In summary, our data generate renewed interest for a role in JIA of two biological
pathways that aid priming of T cells: the costimulatory mechanism involving CD28,
CTLA4 and CD80/CD86, and the CD226 gene, encoding the accessory molecule
DNAM-1, which is a novel JIA susceptibility locus. This does not only contribute
to knowledge of JIA pathogenesis, but targeting these T cell stimulating processes
might also be of therapeutic interest.
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SUPPLEMENTARY DATA

Supplementary methods

Control subjects

1130 controls were healthy blood bank donors (758 randomly selected by the Im-
munogenetics and Transplantation Immunology (ITl) section of the Department of
Immunohematology and Bloodtransfusion, and 372 by the Laboratory for Diagnostic
Genome Analyses (LDGA) at Leiden University Medical Center, all from the region of
Leiden, The Netherlands), 372 controls were anonymized individuals that requested
genetic counselling at the LDCA regarding a monogenic disease in their families, but
tested negative for this single genetic defect, and 111 controls were recruited via
participating patients and their families (but unrelated) (supplementary Table S1). Due
to limited availability of DNA, genetic markers were genotyped in different control
cohorts. Of the 93 markers that were successfully typed in the JIA patients, 40 were
typed in 869 controls and 53 in 1319 controls (supplementary Tables S1, S2).

DNA and genotyping

DNA was isolated from buccal swabs or a blood sample. We performed genotyping
of 112 SNPs in 65 genes/loci by iPLEX MassARRAY according to the manufacturer’s
recommendations (Sequenom, San Diego, California, USA). Only SNPs exceeding a 90%
call rate and no evidence for deviation from Hardy-Weinberg equilibrium in the control
population (p > 0.005) were used for further analysis. 93 of 112 SNPs (83%) located in
57 genes/loci passed quality control, listed in supplementary Table S2. SNP call rates
per individual exceeded 90%.

Supplementary Table S1

Control subjects

Set Source n Type of control subjects

1 ITI 464 Healthy blood donors

2 Tl 294 Healthy blood donors

3 LDCA 372 Healthy blood donors

4 LDGA 372 Healthy relatives of monogenic disease patients
5 JIA families 111 Healthy unrelated acquaintances of JIA patients

ITI: Immunogenetics and Transplantation Immunology section; LDGA: Laboratory for Diagnostic Genome Analyses
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SupplementaryTable S6. References of studies analysed for meta-analysis (supplementary Tables

S4 and S5)
Cimaz 2007*

Cinek 20042

Cinek 2006°

Crawley 1999*

Dimopoulou 2013°

Donn 2001°

Donn 20027

Ellis 2013®

Hinks 2005°

Hinks 2009*°

Hinks 2009 II**

Hinks 2010
Hinks 2010 II*
Hinks 2010 I1I**

Hinks 2010 IV*®

Hinks 2011
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Supplementary Figure S1 Meta-analysis of novel JIA susceptibility loci

a. Meta-analysis of (D226 rs763361, restricted to oligoarticular and RF negative JIA patients of Caucasian origin

CD226 rs763361
] OR (95% Cl) weight
Hinks et al.| 1.07 (0.94-1.21) 53%
Ellis et al, 122(093-159) 1%
Reinards et al.| —_— 1.30(1.12-1.51) 35%
pooled| —— 1.16 (1.06 - 1.27)
‘; 1.58:1893

b. Meta-analysis of CD28rs1980422, restricted to oligoarticular and RF negative JIA patients of Caucasian origin

CD28 rs1980422 OR (95% Cl) weight
Thompson et al.

1.14(1.00-1.29) 69%

Reinards et al.| 1.29(1.07-1.55) 31%

pooled| 1.18 (1.07 - 1.31)
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