Asthma and lower airway disease

Genome-wide association studies of asthma indicate
opposite immunopathogenesis direction from autoimmune

diseases
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Background: Genome-wide association studies (GWASs) of
asthma have consistently implicated the ORM1-like 3 and
gasdermin B (ORMDL3-GSDMB), IL33, IL-1 receptor-like

1 and IL-18 receptor 1 (ILIRLI-ILISR1), RAD50-IL13, thymic
stromal lymphopoietin and WD repeat domain 36 region
(TSLP-WDR36), and HLA-DR/DQ regions.

Objective: A GWAS of asthma was performed in a non-Hispanic
white population.

Methods: A GWAS was performed in 813 Severe Asthma
Research Program/Collaborative Studies on the Genetics of
Asthma/Chicago Asthma Genetics Study cases and 1564 control
subjects. The GWAS results were compared with those of the
published GWASs of autoimmune diseases.

Results: Multiple single nucleotide polymorphisms in the
TNFAIP3 interacting protein 1 (TNIP1) gene, which interacts
with TNFAIP3 and inhibits the TNF-a—-induced nuclear factor kB
inflammation pathway, were associated with asthma: rs1422673
(P = 3.44 x 1077) and rs10036748 (P = 1.41 x 10~%, 7 = 0.67).
rs1422673 was also associated with asthma in the published
GABRIEL (P =.018) and EVE (P = 1.31 x 10~°) studies. The
minor allele T of rs20541 in /L13 is the risk allele for asthma but
the protective allele for psoriasis. The minor allele T of rs2395185
in HLA-DRA is the risk allele for asthma but the protective allele
for ulcerative colitis. The minor allele A of rs2872507 in GSDMB
is the protective allele for asthma but the risk allele for
rheumatoid arthritis, Crohn disease, and ulcerative colitis. The
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T allele of rs10036748 in the TNIPI gene is the minor protective
allele for asthma but the minor or major risk allele for systemic
lupus erythematosus and systemic sclerosis in non-Hispanic white
or Chinese subjects, respectively.

Conclusions: Our study suggests that single nucleotide
polymorphisms associated with both asthma and autoimmune
diseases might have opposite effects on immunopathogenesis.
(J Allergy Clin Immunol 2012;130:861-8.)
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Asthma is a common inflammatory airway disease that can
be triggered in genetically susceptible subjects by various envi-
ronmental exposures. Asthma is characterized by bronchial
hyperresponsiveness, bronchodilator reversibility, and often by
increased expression of T2 cytokines, increased serum IgE levels,
and atopy. In allergic asthmatic patients eosinophilic inflammation
and Ty2 cytokines dominate; in patients with severe/refractory
asthma, neutrophilic inflammation and TNF-o/Ty17 cytokines
are involved.! Genome-wide association studies (GWASSs) of
asthma and asthma-related traits have consistently identified 6
major regions: the ORMI-like 3 and gasdermin B (ORMDL3-
GSDMB) region,z'4 interleukin 33 (IL33),3'5 the IL-1 receptor—
like 1 and IL-18 receptor 1 (ILIRLI-ILISRI) rf:gion,3'5 the
RADS50 homolog and IL-13 (RAD50-IL13) region,>° the thymic
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Abbreviations used
CAG: Chicago Asthma Genetics Study
CSGA: Collaborative Studies on the Genetics of Asthma
GSDMB: Gasdermin B
GWAS: Genome-wide association study
ILIRLI: IL-1 receptor-like 1
IL18R: IL-18 receptor 1
LD: Linkage disequilibrium
OR: Odds ratio
ORMDL3: ORMI-like 3
SARP: Severe Asthma Research Program
SLE: Systemic lupus erythematosus
SNP: Single nucleotide polymorphism
TENOR: The Epidemiology and Natural History of Asthma: Out-
comes and Treatment Regimens
TNIP1: TNFAIP3 interacting protein 1
TSLP: Thymic stromal lymphopoietin
WDR36: WD repeat domain 36

stromal lymphopoietin and WD repeat domain 36 region
(TSLP-WDR36) region,3'5’7 and the major histocompatibility
complex class IT DR/DQ (HLA-DR/DQ) region.>*’

Autoimmune diseases arise through abnormal immune re-
sponses to self-antigens and are generally characterized by Ty1-
mediated inflammation. Autoimmune diseases cause extensive
comorbidity among psoriasis, systemic lupus erythematosus
(SLE), rheumatoid arthritis, Crohn disease, type I diabetes, mul-
tiple sclerosis, ulcerative colitis, and celiac disease, for example.®
Although both Crohn disease and ulcerative colitis are inflamma-
tory bowel diseases, the Tyl process is dominant in patients with
Crohn disease, whereas ulcerative colitis is likely to be a Ty2
disease.” Comparison of published GWAS results among patients
with a variety of autoimmune diseases reveals that significant as-
sociation at the gene or single nucleotide polymorphism (SNP)
level is common among autoimmune diseases.

Systematic comparison of genes or SNPs found to be signif-
icant in GWASs of both asthma and autoimmune diseases is very
limited.® Asthma and autoimmune diseases share extensive im-
munologic pathways but generally are believed to have different
or opposite pathogenic T-cell mechanisms (oversimplified as the
Tyx2 vs Tyl model). A counterregulatory model emphasizes the
importance of regulatory T cells in patients with immune dis-
eases, which inhibit both Ty2-mediated allergic diseases and
Ty1-mediated autoimmune diseases.'® Here we report a GWAS
of asthma in a non-Hispanic white population (813 cases and
1564 control subjects) from the Severe Asthma Research Program
(SARP)/Collaborative Studies on the Genetics of Asthma
(CSGA)/Chicago Asthma Genetics Study (CAG) to identify
novel genes and to confirm previously identified genes involved
in asthma. Several asthma candidate genes (HLA, ILI3, and
TNFAIP3 interacting protein 1 [TNIPI]) identified by us and
others were associated with autoimmune diseases as well. Hence
we compared SNPs in genes identified by using GWASs of
asthma with those in autoimmune diseases to explore common
genetic factors and disease causes.

METHODS
Study subjects

Non-Hispanic white subjects were participants in the National Heart, Lung,
and Blood Institute—funded SARP, the National Heart, Lung, and Blood
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Institute’s CSGA, and the CAG (or CSGA enrolled in Chicago). Subjects with
mild-to-severe asthma and nonasthmatic control subjects were recruited from
SARP'"'? and CSGA'? centers with a similar protocol. CAG subjects with
asthma and nonasthmatic control subjects were collected at the University
of Chicago by using a similar protocol.* Results from the GWAS in SARP/
CSGA/CAG were included in the EVE consortium meta-analysis.*

Subjects with difficult-to-treat or severe asthma were recruited from the
Epidemiology and Natural History of Asthma: Outcomes and Treatment
Regimens (TENOR) multicenter study.""4 SARP, CSGA, CAG, and TENOR
studies were approved by the appropriate institutional review boards at the par-
ticipating sites, including informed consent.

General population control subjects were obtained by using the Illumina
iControlDB client (Illumina, Inc, San Diego, Calif) to download genotypes for
3294 white subjects with genotype data available from HumanHap 550 k
products. General population control subjects (n = 1892) were matched with
473 TENOR cases, as described previously.® The remaining general popula-
tion control subjects (n = 1011) and control subjects genotyped in SARP/
CSGA/CAG (n = 553) were merged and used as control subjects for SARP/
CSGA/CAG cases (n = 813).

DNA was isolated by using standard protocols, and SNP genotyping
was performed with the Illumina HumanHapIM BeadChip or the Illumina
HumanCNV370 BeadChip for SARP/CSGA/CAG*'® and TENOR,®
respectively.

SARP/CSGA/CAG (813 cases vs 1564 control subjects) was used as the
discovery dataset. The published TENOR,® EVE,* and GABRIEL? studies
were used to replicate top findings from SARP/CSGA/CAG. Meta-analysis P
values from EVE and GABRIEL were reported by using a fixed-effects model.

Statistical analysis

Quality control was applied to SARP/CSGA/CAG cases and control
subjects, TENOR cases, and Illumina control subjects separately because they
were genotyped by using slightly different Illumina products, as described
previously.® In brief, subjects were removed if they (1) had genotyping call
rates of less than 95%, (2) were discrepant or ambiguous for genetic sex (het-
erozygous haploid genotype percentage >0.01 for male subjects or X-chromo-
some homozygosity F >0.9 for female subjects), (3) failed the check for family
relatedness (PI_HAT > 0.125), or (4) were detected as an outlier (>6 SDs for
the first or second principal component). After subjects meeting these criteria
were excluded, SNPs were removed if (1) call rates were 95% or less, (2) they
were inconsistent with Hardy-Weinberg equilibrium (P < 1074, or (3) they
had a minor allele frequency of 0.05 or less. After quality control, SNPs shared
between cases and control subjects were merged for analysis.

Logistic regression, assuming an additive disease model, was used for
genome-wide association analysis of asthma susceptibility by using PLINK'®
adjusted for age, sex, and significant principal components (n = 4) from
EIGENSTRAT.'” Linkage disequilibrium (LD) was estimated with
Haploview.'®

Logistic regression of SNPs with well-replicated associations (12872507 in
GSDMB, 153939286 in IL33, rs13431828 in ILIRLI, rs20541 in ILI3,
rs1837253 in TSLP, and rs2395185 in HLA-DRA) were performed in SARP/
CSGA/CAG and TENOR populations by using either 6 SNPs together or ge-
netic scores with age and sex adjusted. Genetic scores were defined as follows:
genotypes with 1 or 2 minor alleles were merged together and recoded to 0 as a
protective category (if the minor allele was a protective allele) or to 1 as a risk
category (if the minor allele was a risk allele). The percentage of deviance ex-
plained by an SNP was defined as deviance explained by an SNP/deviance of the
null model with age and sex adjusted. The area under the receiver operating
characteristic curve was calculated by using SAS software (SAS Institute,
Inc, Cary, NC).

GWAS results from the published GABRIEL study” were extracted from the
European Genome-Phenome Archive (http://www.cng.fr/gabriel; accession no.
EGAS00000000077 for the GABRIEL study). SNPs (P < 1.0 X 10~°) from
GWASs of asthma or asthma-related traits®>’ were extracted from the NIH
GWAS database'® (http://www.genome.gov/gwastudies/). SNPs (P < 1.0 X
107%) from GWASs of autoimmune diseases were extracted from the NIH
GWAS database'® (http://www.genome.gov/gwastudies/) if the same SNPs
were significant (P < 1.0 X 10~>) ina GWAS of asthma or asthma-related traits.>”’


http://www.cng.fr/gabriel
http://www.genome.gov/gwastudies/
http://www.genome.gov/gwastudies/
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FIG 1. Genome-wide association of 474,271 SNPs in 813 SARP/CSGA/CAG cases, 553 SARP/CSGA/CAG
control subjects, and 1,011 lllumina control subjects. The color scale of the x-axis represents chromosomes.
Negative log-transformed genomic control-adjusted P values are shown on the y-axis.

TABLE I. Association results of the top SNPs in SARP/CSGA/CAG populations with asthma

P value*
SNP Gene Chromosome BP Location MAF OR (95% Cl) SARP/CSGA/CAG TENOR®  GABRIEL®
rs1422673 TNIPI 5 150419181  Intron T (0.198)  0.63 (0.53-0.75) 3.44E-07 .18 .018
rs10036748  TNIPI 5 150438339  Intron T (0.260)  0.68 (0.58-0.79) 1.41E-06 41 11
rs2791189 ADAMTS14 10 72187212  Intron C (0.361) 0.69 (0.60-0.80) 5.73E-07 .16 .54
1s946742 ADAMTS 14 10 72185697  Intron C (0.423) 0.74 (0.65-0.85) 2.10E-05 73 74
rs3755285 ILIRL2 2 102210452  Intron G (0.267)  1.41 (1.21-1.63) 6.19E-06 .022 .023
rs12619383  ILIRI 2 102108150  Flanking_ 5 G (0.182)  0.68 (0.57-0.81) 2.99E-05 2 2.16E-05
152073838 SLC22A4 5 131677121  Intron A (0.082) 1.79 (1.41-2.26) 1.59E-06 .39 51
1s2306772 SLC22A4 5 131703880  Intron A (0.082) 1.76 (1.40-2.23) 2.65E-06 41 48

BP, Base pair position based on hgl18; MAF, minor allele frequency.

*Genomic control-adjusted P values for SARP/CSGA/CAG, TENOR, and GABRIEL.

RESULTS
GWAS of asthma in SARP/CSGA/CAG

After quality control, a total of 474,271 SNPs in 813 SARP/
CSGA/CAG cases, 553 SARP/CSGA/CAG control subjects, and
1,011 Illumina control subjects remained for the GWAS (see Table
El in this article’s Online Repository at www.jacionline.org).
Population stratification was weak after adjustment for age, sex,
and 4 significant principal components (genomic inflation factor,
1.018; see Fig El in this article’s Online Repository at www.
jacionline.org) and further adjusted by using genomic control.

A total of 59 SNPs had P values of 1.0 X 10~* or less in all
cases and control subjects (Fig 1 and see Table E2 in this article’s
Online Repository at www.jacionline.org). The TNIP! region on
5q32-g33.1 had the strongest evidence for association with mul-
tiple SNPs strongly associated with asthma susceptibility:
rs1422673 (P = 3.44 X 1077: odds ratio [OR], 0.63) and
rs10036748 (P = 1.41 X 1076; OR, 0.68; Table I and see Table
E3 and Fig E2 in this article’s Online Repository at www.
jacionline.org). In the GABRIEL® and EVE" studies, rs1422673
was associated with asthma (P = .018 and 1.31 X 1073 for
meta-analysis, respectively), whereas in TENOR the SNP was
not significant (P = .18), but the same trend was observed.® The
IL-1 receptor-like 2 (ILIRL2) and IL-1 receptor type I (ILIRI)

region on 2q12 had SNPs that were strongly associated with
asthma in the SARP/CSGA/CAG population (Table I) and repli-
cated in both the TENOR® and GABRIEL? studies (Table I).
SNPs in solute carrier family 22 (organic cation/ergothioneine
transporter), member 4 (SLC22A4); colony stimulating factor 2
(granulocyte-macrophage; CSF2); and IL-3 (colony-stimulating
factor, multiple; /L3) region on 5q23-q31 was associated with
asthma in SARP/CSGA/CAG (Table I). However, the significant
SNPs in the SARP/CSGA/CAG population were different from
those reported in the TENOR® or GABRIEL® studies. The
ADAM metallopeptidase with thrombospondin type 1 motif,
14 (ADAMTS14), on 10g21 was associated with asthma
(rs2791189: P = 5.73E-07; OR, 0.69) in SARP/CSGA/CAG
but was not replicated in the GABRIEL? or TENOR® studies
(Table I). To exclude the potential false-positive results caused
by the difference between phenotyped control subjects and Illu-
mina control subjects, P values of these SNPs were reported as
well for the analysis in all cases and SARP/CSGA/CAG pheno-
typed control subjects only (see Table E2 in this article’s Online
Repository at www.jacionline.org). The results with or without
Ilumina control subjects were largely comparable. For example,
rs1422673 was the highest ranked SNP in both analyses
(P =344 %x10""and P = 5.59 X 10”°, see Table E2).


http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
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TABLE II. Six SNPs in the 6 most consistently replicated genes/regions from the GWAS of asthma

P value
SNP Gene Chromosome BP Location Risk/minorallele SARP/CSGA/CAG TENOR® GABRIEL®
rs2872507 GSDMB 17 35294289 Flanking_3 G/A .006 .054 5.70E-16
rs3939286 1L33 9 6200099 Flanking_5 A/A .0018 .094 4.53E-14
rs13431828 ILIRLI 2 102321085 UTR C/T .0062 .027 1.00E-10
rs1837253 TSLP 5 110429771 Flanking_5 C/T .00076 .053 3.03E-10
1520541 ILI3 5 132023863 Coding T/T 23 .000417 1.95E-08
rs2395185 HLA-DRA 6 32541145 Flanking_3 T/T .00077 .00015 1.84E-04

BP, Base pair position based on hg18; UTR, untranslated region.

TABLE lll. Comparison of IL13, TNIP1, GSDMB, HLA-DRA, SMAD3, LRRC32, and IKZF4 from the GWAS of asthma and autoimmune

diseases

Gene/SNP Minor/major allele GWASs Function

IL13 Asthma (TENOR® and GABRIEL?) Psoriasis®' Ty2

1520541 T/C T is minor risk allele T is minor protective allele

TNIPI Asthma (SARP/CSGA/CAG and GABRIEL?*) ~ SLE**° and systemic sclerosis’’ Inflammation

rs10036748 T/C (white subjects) T is minor protective allele T is minor risk allele (white subjects)zs‘27

C/T (Chinese subjects) NA T is major risk allele (Chinese subjects)26

GSDMB Asthma (SARP/CSGA/CAG and TENOR® RA,” CD,* and UC* Inflammation?
and GABRIEL?)

1s2872507 A/G A is minor protective allele A is minor risk allele

HLA-DRA Asthma (SARP/CSGA/CAG and TENOR® uc?® Antigen
and GABRIEL?) presentation

rs2395185 T/G T is minor risk allele T is minor protective allele

SMAD3 Asthma (SARP/CSGA/CAG and GABRIEL’) ~ CD* Treg

rs16950687 G/A G is minor risk allele NA

rs17293632 T/C NA T is minor risk allele

LRRC32 Asthma® cp*

rs7130588 G/A G is minor risk allele NA

157927894 T/C NA T is minor risk allele Treg?

IKZF4 Asthma’ TID*

rs1701704 G/T G is minor risk allele G is minor risk allele Treg?

CD, Crohn disease; NA, not applicable; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; 71D, type I diabetes; Treg, regulatory T; UC, ulcerative colitis.

Most consistently replicated SNPs in asthma

Six genomic loci have been identified consistently in a variety of
GWASs of asthma and asthma-related traits: the ORMDLS3-
GSDMB region,™ 11337 the ILIRLI-ILISRI region, the
RADS50-IL13 region,3’6 the TSLP-WDR36 re:gion,3'5’7 and the
HIA-DR/DQ region.3’6’7 One SNP that was consistently associated
with asthma in the SARP/CSGA/CAG, TENOR, and GABRIEL
studies was selected from each of the regions: GSDMB
(rs2872507), IL33 (rs3939286), ILIRLI (rs13431828), ILI3
(rs20541), TSLP (rs1837253), and HLA-DRA (rs2395185,
Table II). Joint analyses of the 6 SNPs were performed in the
SARP/CSGA/CAG and TENOR populations separately (see
Table E4 in this article’s Online Repository at www.jacionline.
org). These SNPs explained the very limited variance of asthma
risk either individually (percentage of deviance, 0.05% to 0.78%)
or combined (percentage of deviance explained, 1.56% to 1.85%;
area under the receiver operating characteristic curve, 0.581-0.592).

Comparison of asthma and autoimmune diseases
SNPs identified by means of GWASs of both asthma and
autoimmune diseases were compared to elucidate common
genetic factors for immune-mediated diseases (Table III>--20-3
and Fig 2). The candidate genes reported by GWASs of asthma
based on the NIH GWAS database'® and the published literatures
are ORMDL3-GSDMB,** IL33. ILIRLI-ILISR1,*” RADS0-
IL13>® TSLP-WDR36 region,>>’ HLA-DR/DQ,>*" PDE4D,*!

TLE4,”> DENNDIB,”> ADRAIB,** PRNP;** DPP10,** SMAD3,’
IL2RB,” RORA,’ SLC22A5,> PYHIN1, NOTCH4,” USP38-GAB,’
GATA3,” IKZF4,” IL6R,*° and C110rf30-LRRC32.%° The reported
top SNPs in the above asthma candidate genes were searched on
the NTH GWAS database'® and the published GWASs of autoim-
mune diseases. Data were included in Table III if the same SNPs
were significant (P < 1 X 107°) in both GWASs of asthma and au-
toimmune diseases.

Minor allele T of rs20541 in IL13 is the risk allele for asthma in
the TENOR and GABRIEL studies™ but the protective allele for
psoriasis.”' The minor allele A of rs2872507 in GSDMB is the
protective allele for asthma in the SARP/CSGA/CAG, TENOR,
and GABRIEL studies>° but the risk allele for rheumatoid arthri-
tis,>2 Crohn disease,>> and ulcerative colitis.>* The T allele of
rs10036748 in TNIPI is the minor protective allele for asthma
in the SARP/CSGA/CAG and GABRIEL studies but the minor
or major risk allele for SLE in non-Hispanic white®> or Chinese?®
populations, respectively. The T allele of rs2233287 (in weak LD
with rs10036748: #* = 0.29) is the minor protective allele for
asthma in the SARP/CSGA/CAG study (see Table E3 and
Fig E2) but the minor risk allele for systemic sclerosis.?” The mi-
nor allele T of rs2395185 in HLA-DRA is the risk allele for asthma
in the SARP/CSGA/CAG, TENOR, and GABRIEL studies™° but
the protective allele for ulcerative colitis.”®

SNPs were not always in opposite effect directions for asthma
and autoimmune diseases. For example, genetic association
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FIG 2. Comparison of GWASs of asthma and autoimmune diseases. Red
upward-pointing arrows indicate higher gene expression levels or protein
activities. Green downward-pointing arrows indicate the lower gene ex-
pression levels or protein activities. Question marks indicate the lack of
available experimental evidence.

showed the same direction in asthma and autoimmune diseases
for SMAD3 (Table III): the minor allele G of rs16950687 is the
risk allele for asthma in the SARP/CSGA/CAG and GABRIEL
studies® ; the minor allele T of rs17293632 (in strong LD with
316950687 1 = 0.88) is the risk allele for Crohn disease.?” Sim-
ilarly, the G allele of rs7130588 in C110rf30-LRRC32 is the minor
risk allele for asthma®’; the T allele of rs7927894 (in perfect LD
with rs7130588) is the minor risk allele for Crohn disease.?® The
same risk allele has been shown to be associated with atopic
dermatitis,35 allergic rhinitis,36 and increased total serum IgE
levels.”” In addition, the G allele of rs1701704 in IKZF4 is the mi-
nor risk allele for asthma’ and type I diabetes.’® SMAD3,
LRR(C32, and IKZF4 are all related to the regulatory T-cell path-
way, which is the common negative regulatory process for the
Tyl and T2 pathways. Thus the same association direction of
these genes is not contradictory with the opposite immunopatho-
genesis direction between asthma and autoimmune diseases.

In summary, genes involved in Ty 1/Ty2 balance (IL13), the in-
flammation process (GSDMB and TNIP1), and antigen presenta-
tion (HLA-DRA) showed opposite genetic association direction
between asthma and autoimmune diseases; however, genes
involved in the regulatory T-cell pathway (SMAD3, C11orf30-
LRRC32, and IKZF4) showed the same genetic association direc-
tion (Table III and Fig 2).

DISCUSSION

In this study we identified a new candidate gene for asthma risk,
TNIP] (Table 1 and Table E3). The most significant SNP,
rs1422673 (in intron 5 of TNIPI), was replicated in the published
GABRIEL and EVE studies (P =.018 and 1.31 X 10> for meta-
analysis, respectively) but not in the TENOR study (P =.18 butin
the same direction). Because the results from the EVE consortium
meta—analysis4 included the SARP/CSGA/CAG dataset, it should
not be considered a totally independent replication. Because of
the relatively weak replication of TNIPI, further confirmation
studies are needed in independent populations.

Published GWASs of a variety of autoimmune diseases support
arole of TNIP1 inimmune-mediated diseases. GWASs of SLE in a
Chinese Han population26 or North Americans of European de-
scent™ identified rs10036748 (in intron 1 of TNIPI), which was
confirmed in a replication study®; this SNP was also associated
with asthma in our study and was in moderate LD with
1s1422673 (2 = 0.67, Table I and see Fig E2). GWASSs of psoriasis
in European”' and Chinese®® populations identified rs17728338
(12 kb upstream of TNIPI); this SNP is neither in LD with
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rs10036748 nor associated with asthma in our study (data not
shown). Two distinct signals in the TNIP1 region are associated
with SLE/asthma and psoriasis, respectively, suggesting that the
regulatory mechanisms of TNIP1 expression might be transcrip-
tion factor specific, tissue specific, or both. The presence of
more than 1 signal in a genomic region is not uncommon. The
most significant SNPs in the 2ql2 region were located near
ILIRL?2 and ILIRI (Table I and see Table E2) in our study but
near ILIRLI and ILI8RI in the GABRIEL study.3 Similarly, the
most significant SNPs in the 5q23.3 region were located near
SLC22A4 in our study (Table I and see Table E2) but near
SLC22A5 in the GABRIEL study.> Thus careful sequencing of
these gene cluster regions is essential to identify all causal variants.

At least 2 GWASs of asthma and related traits have identified
the ORMDL3-GSDMB region,”” IL33,% the ILIRLI-ILISRI re-
gion,3 -5 the RAD50-IL13 region,3’6 the TSLP-WDR36 region,”’7
and the HLA-DR/DQ region.3’6 In this study we confirmed that
these 6 regions are associated with asthma susceptibility in both
the SARP/CSGA/CAG and TENOR studies (Table IT). We further
analyzed the cumulative effect of the 6 most associated SNPs (in
each of the 6 regions) on asthma risk in the SARP/CSGA/CAG
and TENOR populations. Joint analyses indicated that the power
to predict asthma susceptibility by using these 6 SNPs was limited
(see Table E4), possibly because of the contributions of other
small-effect common variants, large-effect rare variants, struc-
tural variants, epigenetic effects, gene-gene interaction, and
gene-environment interaction. The consistent association and
functional relevance of these 6 genes to asthma pathogenesis sug-
gest that deep resequencing might be necessary to identify rare
variants in addition to common variants and, more importantly,
to determine the causal variants.

Asthma and autoimmune diseases share extensive immunologic
pathways, but the comparison of shared GWAS-identified genes
between asthma and autoimmune diseases is limited.® To clarify
common genetic factors for immune-mediated diseases, we com-
pared risk and direction between shared SNPs identified by
GWASs of asthma and autoimmune diseases (Table III and Fig 2).

The HLA region is the most consistent genomic locus identified
for immune diseases and has an essential role in antigen presen-
tation. rs2395185 in HLA-DRA was associated with asthma in
the SARP/CSGA/CAG, TENOR, and GABRIEL studies,®
with the minor allele T associated with risk. In contrast, the
152395185 T allele was protective for ulcerative colitis.?®
A GWAS of pediatric asthma in Asian populations identified
rs987870 (between HLA-DPAI and HLA-DPBI) with the oppo-
site direction of allelic effects from autoimmune diseases.*’
One of the possible explanations of the opposite effect direction
of HLA is that different antigen triggers might exist between
asthma and autoimmune diseases (Table III and Fig 2).

The ORMDL3-GSDMB region is one of the most reproduced
loci identified for immune diseases, with significant associations
for asthma,3 ® theumatoid arthritis,22 Crohn disease,23 and ulcer-
ative colitis.>* The function of ORMDL3 or GSDMB is not totally
determined, but a recent study indicated that ORMDL3 might reg-
ulate endoplasmic reticulum—mediated calcium signaling and
the following unfolded-protein response and inflammation.*'
Another functional study showed that variants in the ORMDL3-
GSDMB region were associated with IL-17 secretion but not
correlated with Ty1/Ty2 or regulatory T cytokines.42 An allele-
specific chromatin remodeling study indicated that rs12936231
might be important for cis-regulation and common for asthma
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and autoimmune diseases.** In addition, the same study observed
that the risk alleles in the ORMDL3-GSDMB region were corre-
lated with increased or decreased expression of ORMDL3 and
GSDMB in patients with asthma or autoimmune diseases, respec-
tively.*® In this study the minor allele A of rs2872507 (in moder-
ate LD with rs12936231: /* = 0.82) in GSDMB is the protective
allele for asthma in the SARP/CSGA/CAG, TENOR, and
GABRIEL studies™® but the risk allele for rheumatoid arthritis,”
Crohn disease,? and ulcerative colitis** (Table III and Fig 2).

TNIP] is one of the most consistent genomic loci identified for
autoimmune diseases.?'*>2%38-39 TNIP] interacts with TNFAIP3
and inhibits the TNF-a—induced nuclear factor kB inflammatory
pathway.***> The T allele of rs10036748 in TNIPI is the protec-
tive allele for asthma in the SARP/CSGA/CAG and GABRIEL
studies® but the risk allele for SLE in non-Hispanic white*> and
Chinese”® populations (Table III and Fig 2). The T allele of
rs2233287 is the protective allele for asthma in SARP/CSGA/
CAG (see Table E3 and Fig E2) but the risk allele for systemic
sclerosis.?’ Furthermore, reduced expression of the TNIPI gene
and protein was observed in lesional skin tissue from patients
with systemic sclerosis.?” The opposite direction of effect for var-
iants in TNIP] and GSDMB indicates that the inflammation pro-
cesses are disease specific for asthma and autoimmune diseases or
gene-gene and gene-environment interaction might be involved.

The RADS50-IL13 region is one of the most consistent genomic
loci identified for asthma>® and has an essential role in the T2
pathway. rs20541 (Argl30Gln) in /LI3 was associated with
asthma in the TENOR and GABRIEL studies>® with the minor
allele T as the risk allele. In contrast, the T allele of rs20541
was the protective allele for psoriasis in Europeans®' or Chinese
subjects.*® IL-13 Arg130GIn has been shown to be functionally
more active than wild-type IL-13 protein in inducing signal trans-
ducer and activator of transcription 6 phosphorylation, CD23 ex-
pression in monocytes, and IgE switching in B cells.*® The
opposite effect direction for rs20541 supports the concept that
asthma is T2 driven but autoimmune diseases are Tyl driven
(Table IIT and Fig 2).

SMAD3 is a transcription factor downstream of TGFB and im-
portant for regulatory T-cell and Tyy17 cell pathways.*”*® In the
C11orf30-LRRC32 region CI1orf30 might play a role in epithe-
lial barrier function,® and LRRC32 is a surface biomarker for
regulatory T cells.*” IKZF4 is a transcription factor essential
for forkhead box protein 3—dependent gene silencing process
in regulatory T cells.”® Genetic associations of SMADS3,
Cll1orf30-LRRC32, and IKZF4 showed the same direction in
asthma and autoimmune diseases, indicating that regulatory T
cells might have similar effects by inhibiting either Ty2 or Tyl
pathways (Table III and Fig 2). Thus we can hypothesize that
other genes involved in Ty 1/Tyx2 branching have opposite associ-
ation direction between asthma and autoimmune diseases but
genes in the regulatory T-cell pathway show the same genetic as-
sociation direction.

The model presented here might be oversimplistic (Fig 2 and
Table IIT). However, to avoid potential false-positive results, we
only included SNPs significantly (P < 1.0 X 107°) associated
with both asthma and autoimmune diseases.'® Such comparison
revealed that the risk alleles for genes involved in Ty1/Ty?2 bal-
ance (IL13), inflammation (GSDMB and TNIP1), and antigen pre-
sentation (HLA-DRA) were reversed, whereas genes involved in
the regulatory T-cell pathway (SMAD3, C110rf30-LRRC32, and
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IKZF4) showed the same effect direction. Similar genes were
identified by using unbiased GWAS approaches for asthma and
autoimmune diseases; however, different/opposite alleles appear
to be the risk alleles. We hypothesize that the findings of a similar
set of genes might help us understand the functional pathobiology
involved in the development and progression of immune function
disorders with very different disease characteristics. Further can-
didate gene studies and pathway analyses are warranted to extend
these observations to study genes identified as important for auto-
immune diseases and the effect directions for the risk alleles in
subjects with asthma by using more relaxed criteria (P <.05).

There are exceptions to our model; for example, ulcerative
colitis might be a Ty2 disease instead of a Ty1 disease.” However,
on the basis of the allele effect directions of HLA-DRA and
GSDMB (Table III), ulcerative colitis is closer to other autoim-
mune diseases than asthma. Further cluster analysis, including
asthma and autoimmune diseases based on shared SNPs, will
help to tease out this relationship.

SNPs in TNIP1 were significantly associated with asthma in the
SARP/CSGA/CAG population and was weakly associated in the
GABRIEL and EVE studies but not in the TENOR study. TNIP1
is involved in the TNF-a—induced nuclear factor kB inflammation
pathway. Inflammatory processes might differ between severe and
mild-to-moderate asthma.>' For example, levels of the inflamma-
tory cytokine TNF-a are increased in patients with severe/refrac-
tory corticosteroid-resistant asthma.”” Stratification by asthma
severity might help to resolve any inconsistency with regard to
the association of TNIP1 with asthma. Treatment with infliximab,
an mAb against TNF-a, caused a decrease in the number of exac-
erbations in patients with moderate asthma.>® Treatment with eta-
nercept, a soluble TNF-a receptor fusion protein, showed a
reduction in sputum macrophage numbers and C-reactive protein
levels in patients with corticosteroid-refractory asthma.>* Treat-
ment with golimumab, a human mAb against TNF-c, did not dem-
onstrate a favorable risk/benefit ratio in patients with severe
persistent asthma.” Stratification by SNPs in TNIPI, other TNF-
o pathway genes, or both might be important to identify suscepti-
ble asthmatic patients in future anti-TNF-a drug clinical trials.

GWAS:s of asthma and asthma-related traits have consistently
identified genes involved in antigen presentation (HLA-DR/DQ),
inflammation (ORMDL3-GSDMB), and Tyl/Ty2 processes
(IL33, ILIRLI-ILI8RI, RAD50-IL13, and TSLP-WDR36). Path-
way analysis using all genes in the biologically relevant pathways
should be continued. Single SNPs in each of these 6 most consis-
tent asthma genes can only explain limited variance, suggesting
that the causal common/rare variants have not as yet been identi-
fied. Next-generation sequencing and study of the cumulative ef-
fects of all confirmed variants are necessary.

We thank all investigators, staff, and participants in the SARP, TENOR,
CSGA, and SARP/CSGA/CAG studies.

Key messages

o SNPs in TNIP1I were associated with asthma.
o Joint analyses on 6 SNPs in GSDMB, IL33, ILIRLI, IL13,

TSLP, and HLA-DRA explained limited variance.

o SNPs associated with both asthma and autoimmune dis-
eases might have opposite effects on immunopathogenesis.
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FIG E1. QQ-plot of the GWAS of asthma in SARP/CSGA/CAG. Negative log-
transformed expected P values are shown on the x-axis. Negative log-
transformed observed P values are shown on the y-axis.
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TABLE E1. Demographics (means + SD) of subjects in SARP/
CSGA/CAG and lllumina and phenotyped control subjects

SARP/CSGA/ lllumina

SARP/CSGA/ CAG control control

CAG cases subjects subjects
No. 813 553 1011

Age (y) 322 *+ 157 322 = 10.5 30.4 = 20.0
Sex (% female) 61.9 63.5 65.3
Log total IgE 2.0 = 0.7 (100.6) 1.3 = 0.7 (17.9) NA
(geometric mean)

FEV, (%) 79.7 £ 21.5 98.1 = 114 NA
FVC (%) 88.9 = 17.6 99.8 = 11.5 NA
FEV,/FVC ratio 0.73 = 0.13 0.82 £ 0.08 NA

FVC, Forced vital capacity; NA, not applicable.
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TABLE E2. Association results of 59 SNPs with genomic control-adjusted P values of 1.0E-04 or less in SARP/CSGA/CAG

J ALLERGY CLIN IMMUNOL

OCTOBER 2012

GC-adjusted

P value
(phenotyped
Unadjusted GC-adjusted control
SNP Chromosome BP Gene Location MAF OR L9 U9 P value* P valuet subjects)t
rs1422673 5 150419181 TNIPI Intron T (0.1983) 0.63 0.53 0.75  2.72E-07 3.44E-07 5.59E-06
rs2791189 10 72187212 ADAMTSI14 Intron C (0.3613) 0.69 0.60 0.80 4.56E-07 5.73E-07 4.17E-04
rs11690527 2 12099276 LPINI Flanking 3UTR T (0.3486) 1.36 1.20 1.53 8.99E-07 1.12E-06 6.23E-05
rs10036748 5 150438339 TNIPI Intron T (0.2603) 0.68 0.58 0.79 1.14E-06 1.41E-06 6.50E-06
rs7630534 3 74707813 CNTN3 Flanking SUTR A (0.2179) 0.67 0.57 0.79 1.22E-06 1.50E-06 4.76E-04
rs2073838 5 131677121 SLC22A4 Intron A (0.08193) 1.79 1.41 2.26 1.29E-06 1.59E-06 9.71E-04
rs17656178 16 77758680 WWOX Intron G (0.4623) 0.73 0.64 0.83 1.79E-06 2.20E-06 1.58E-03
rs10850603 12 115234120 THRAP2 Flanking_ SUTR C (0.06305) 1.89 1.46 2.46 1.89E-06 2.31E-06 4.57E-04
1s2306772 5 131703880 SLC22A4 Intron A (0.08186) 1.76 1.40 2.23  2.17E-06 2.65E-06 1.13E-03
rs3755285 2 102210452 ILIRL2 Intron G (0.267) 141 1.21 1.63 5.13E-06 6.19E-06 2.48E-05
rs11150140 16 77757915 WWOX Intron A (0.4567) 0.75 0.66 0.85  7.64E-06 9.15E-06 3.48E-03
187465467 8 136056074 ZNF406 Flanking SUTR A (0.1134) 1.56 1.28 1.90  7.96E-06 9.53E-06 1.42E-01
rs11928037 3 74698943 CNTN3 Flanking_ SUTR G (0.2224) 0.69 0.59 0.81 8.27E-06 9.89E-06 2.55E-03
187779057 7 106382121 PIK3CG Flanking 3UTR T (0.2034) 142 122 1.66 1.11E-05 1.32E-05 3.15E-04
rs7113799 11 112051515 NCAM1 Flanking SUTR T (0.06755) 1.73 135 222 1.38E-05 1.64E-05 4.68E-03
1s946742 10 72185697 ADAMTSI4 Intron C (0.4226) 0.74 0.65 0.85 1.78E-05 2.10E-05 5.26E-04
rs9581191 13 18556933 TUBA2 Flanking 3UTR T (0.161) 147 123 176 2.13E-05 2.51E-05 7.83E-03
16935864 6 111497037 SLCI6A10 Flanking_ SUTR C (0.2417) 0.72 0.62 0.84  2.26E-05 2.66E-05 1.02E-02
1s2129626 9 17061162 C9orf39 Flanking SUTR C (0.2769) 0.73 0.63 0.85  2.46E-05 2.89E-05 2.17E-04
rs12619383 2 102108150 ILIRI Flanking SUTR G (0.1818) 0.68 0.57 0.81 2.55E-05 2.99E-05 4.88E-05
rs1427988 12 20204704 PDE3A Flanking SUTR G (0.2528) 0.73 0.62 0.84 2.92E-05 3.42E-05 4.19E-04
154415363 8 81282744 TPD52 Flanking_ SUTR T (0.342) 1.33 1.16 1.53 3.21E-05 3.76E-05 8.97E-04
154772201 13 98884260 PHGDHLI Flanking 3UTR G (0.1699) 0.69 0.58 0.82  3.31E-05 3.87E-05 8.66E-06
rs2955503 12 22090132 CMAS Flanking SUTR G (0.3733) 0.75 0.65 0.86  3.34E-05 3.91E-05 8.80E-04
rs4448642 11 27399727 LGR4 Intron C (0.3378) 133 1.16 1.52  3.56E-05 4.16E-05 2.31E-03
rs10467606 13 70319802 DACH]I Flanking 3UTR G (0.06247) 1.71 133 221 3.59E-05 4.20E-05 1.27E-05
rs12318822 12 12793539 CDKNIB Flanking 3UTR G (0.3629) 0.75 0.65 0.86  3.60E-05 4.20E-05 7.50E-04
1s2774633 9 17060633  C90rf39 Flanking SUTR G (0.2789) 0.74 0.64 0.85 4.30E-05 5.01E-05 3.61E-04
rs4705893 5 131103820 KIAA1961 Intron C (0.09512) 1.57 1.26 1.94 4.49E-05 5.22E-05 7.42E-03
rs1529757 12 80924312 PPFIA2 Flanking SUTR C (0.2726) 1.35 1.17 1.56 4.51E-05 5.25E-05 4.66E-04
rs11024979 11 19062621 MRGPRX2 Flanking SUTR T (0.1346) 1.48 1.23 1.78  4.54E-05 5.28E-05 3.09E-04
rs331125 2 150578696 FLJ32955  Flanking_ SUTR G (0.367) 0.75 0.66 0.86 4.54E-05 5.28E-05 4.69E-03
18732227 2 150586238 FLJ32955  Flanking SUTR C (0.3885) 1.32 1.15 1.51 4.90E-05 5.70E-05 6.76E-04
rs17671387 5 130911895 RAPGEF6 Intron G (0.07597) 1.63 1.29 2.07 5.20E-05 6.04E-05 8.35E-03
1s2702628 11 19503418 NAV2 Flanking_ SUTR A (0.387) 131 1.15 1.50 5.24E-05 6.08E-05 3.95E-04
1s2702646 11 19503096 NAV2 Flanking SUTR C (0.3868) 1.31 1.15 1.50 5.25E-05 6.09E-05 3.95E-04
rs3792783 5 150435925 TNIPI Intron C (0.1707) 0.69 0.57 0.82  5.26E-05 6.11E-05 1.10E-04
rs7330442 13 113656958 FAM70B Flanking SUTR T (0.1576) 145 121 1.74 5.27E-05 6.12E-05 1.56E-03
rs17012697 3 74755261 CNTN3 Flanking SUTR T (0.2066) 0.71 0.60 0.84  5.97E-05 6.91E-05 1.78E-02
rs1777220 6 126064295 HEY?2 Flanking SUTR A (0.4218) 1.31 1.15 1.50 5.98E-05 6.93E-05 1.41E-02
rs3792785 5 150431843 TNIPI Intron G (0.1163) 0.64 0.51 0.79 6.11E-05 7.07E-05 6.74E-05
rs11672303 19 38418215 SLC7A10 Flanking SUTR C (0.1228) 0.65 0.52 0.80  6.22E-05 7.20E-05 5.33E-04
rs7814057 8 81289480 TPD52 Flanking SUTR C (0.3636) 1.32 1.15 1.51 6.44E-05 7.45E-05 1.35E-03
rs25879 5 131434943 CSF2 Flanking SUTR G (0.2217) 1.37 1.17 1.60  6.45E-05 7.47E-05 2.89E-03
rs12640395 4 87242418 MAPKIO Intron A (0.1843) 141 1.19 1.66 6.55E-05 7.58E-05 4.00E-04
rs16936115 11 19065259 MRGPRX2 Flanking SUTR C (0.06542) 1.68 1.30 2.17  6.79E-05 7.85E-05 3.90E-02
rs2073506 5 131422637 IL3 Flanking SUTR A (0.09108) 1.56 1.25 1.95  6.90E-05 7.97E-05 5.54E-03
rs7768635 6 154869553 CNKSR3 Intron T (0.1906) 1.41 1.19 1.66 7.01E-05 8.09E-05 5.23E-02
rs10766527 11 19057312 MRGPRX2 Flanking SUTR G (0.1374) 146 1.21 1.76  7.10E-05 8.20E-05 5.62E-03
rs11943376 4 87246843 MAPKIO Intron T (0.1851) 1.40 1.19 1.66  7.20E-05 8.31E-05 4.14E-04
187721296 5 131643865 PDLIM4 Flanking 3UTR C (0.09907) 1.54 1.24 1091 7.61E-05 8.78E-05 3.85E-03
rs797700 2 47801605 MSH6 Flanking SUTR G (0.2472) 1.36 1.17 1.58  8.17E-05 9.42E-05 9.10E-03
rs11854309 15 22554134 SNRPN Flanking SUTR G (0.4144) 0.77 0.67 0.88  8.19E-05 9.43E-05 1.70E-04
rs7489746 13 113637032 FAM70B Intron A (0.1676) 142 1.19 1.70  8.58E-05 9.88E-05 4.85E-04
1s2541232 10 72190936 ADAMTSI4 Flanking 3UTR C (0.4674) 0.76 0.67 0.87  8.59E-05 9.89E-05 2.90E-03
rs13285126 9 17367629 C90rf39 Intron A (0.24) 0.74 0.63 0.86 8.60E-05 9.90E-05 1.69E-03

(Continued)
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TABLE E2. (Continued)

GC-adjusted

P value
(phenotyped
Unadjusted GC-adjusted control
SNP Chromosome BP Gene Location MAF OR L9 U9 P value* P valuet subjects);
rs12422767 12 128241376 KIAA1944  Intron T (0.1978) 0.71 0.60 0.84  8.65E-05 9.95E-05 9.45E-04
1s2233287 5 150420290 TNIP1 Intron T (0.1011) 0.62 0.49 0.79  8.65E-05 9.96E-05 1.28E-04
rs13049896 21 42169257 PRDMI15 Intron A (0.09277) 1.56 1.25 195 8.67E-05 9.98E-05 1.03E-02

BP, Base pair position based on hgl18; L95, lower 95% CI; MAF, minor allele frequency; U95, upper 95% CLUTR, untranslated region.
*Unadjusted GWAS P values of 813 SARP/CSGA/CAG cases versus 1564 control subjects.

tGenomic control-adjusted P values of 813 SARP/CSGA/CAG cases versus 1564 control subjects.

{Genomic control-adjusted P values of 813 SARP/CSGA/CAG cases versus 553 phenotyped control subjects.
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TABLE E3. Association results of 27 SNPs in TNIP1 on chromosome 5

P value*
No. SNP BP Location MAF OR (95% ClI) SARP/CSGA/CAG TENOR® GABRIEL®
1 1s2277940 150389670 Flanking_3 C (0.072)
2 rs3763009 150392333 Intron T (0.348)
3 1s9324672 150400249 Intron A (0.124)
4 rs2233299 150405660 Coding T (0.262) 0.79 (0.68-0.92) 2.67E-03 49 35
5 rs11747787 150407061 Intron A (0.462)
6 rs4292439 150408388 Intron C (0.184) 1.22 (1.03-1.44) .021 51 .37
7 1s2233297 150409433 Intron G (0.065) 1.38 (1.07-1.78) .016 23 78
8 rs7713223 150410889 Intron C (0.135)
9 rs7713567 150411148 Intron T (0.345) 0.80 (0.70-0.92) 1.93E-03 .52 .016
10 rs888989 150411223 Intron C (0.199)
11 rs2112635 150412346 Intron C (0.333) 0.77 (0.67-0.89) 4.25E-04 32 43
12 rs871269 150412581 Intron T (0.318)
13 rs17111695 150412639 Intron C (0.170)
14 rs12516176 150415838 Intron C (0.268)
15 rs1422673 150419181 Intron T (0.198) 0.63 (0.53-0.75) 3.44E-07 18 .018
16 1s2233287 150420290 Intron T (0.101) 0.62 (0.49-0.79) 9.96E-05 15 .035
17 rs17728260 150423198 Intron G (0.082)
18 rs1422674 150425802 Intron G (0.089) 0.78 (0.61-0.99) .042 .65 77
19 rs3792789 150426161 Intron C (0.395)
20 rs4958881 150430429 Intron C (0.135) 0.67 (0.54-0.82) 1.58E-04 .38 11
21 rs3792785 150431843 Intron G (0.116) 0.64 (0.51-0.79) 7.07E-05 27 .095
22 rs3792783 150435925 Intron C (0.171) 0.69 (0.57-0.82) 6.11E-05 .69 13
23 rs10036748 150438339 Intron T (0.260) 0.68 (0.58-0.79) 1.41E-06 41 A1
24 rs918498 150439981 Intron T (0.117) 0.77 (0.63-0.96) .020 97 .68
25 rs13168551 150442831 Flanking_5 C (0.424) 0.79 (0.69-0.90) 5.51E-04 .37 12
26 rs3792780 150446386 Flanking_5 G (0.386)
27 rs3762999 150449619 Flanking_5 A (0.443)

Only entries with P values of less than .05 in SARP/CSGA/CAG are shown.
BP, Base pair position based on hgl8; MAF, minor allele frequency.
*Genomic control-adjusted P value for SARP/CSGA/CAG, TENOR, and GABRIEL.
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TABLE E4. Prediction of asthma susceptibility using 6 SNPs in GSDMB, IL33, ILT1RL1, TSLP, IL13, and HLA-DRA

SARP/CSGA/CAG TENOR
SNP Gene P value Deviance (%)* AUC P value Deviance (%) AUC
rs2872507 GSDMB .0063 0.25% 11 0.12%
1s3939286 1L33 .033 0.15% .061 0.17%
rs13431828 ILIRLI 2.43E-04 0.46% .03 0.23%
rs1837253 TSLP 4.78E-04 0.41% 13 0.11%
rs20541 ILI3 22 0.05% .0016 0.47%
rs2395185 HLA-DRA 3.84E-04 0.42% 6.47E-05 0.78%
All 6 SNPst 1.12E-09 1.76% 0.59 8.97E-07 1.85% 0.592
Genetic Scoref 1.31E-11 1.56% 0.581 7.65E-09 1.60% 0.582

AUC, Area under the receiver operating characteristic curve.

*Percentage of deviance explained by SNPs in logistic regression model adjusted for age and sex.
TAIl 6 SNPs were included in the logistic regression model.

}A single score determined by counting the number of risk SNPs of 6 SNPs.
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