Received: 8 September 2017 | Revised: 25 March 2018 Accepted: 29 March 2018

DOI: 10.1111/cea.13181

ORIGINAL ARTICLE WILEY

Asthma and Rhinitis

Novel genes and insights in complete asthma remission: A
genome-wide association study on clinical and complete
asthma remission

J. M. Vonk2@® | M. A. E. Nieuwenhuis>3*@® | F. N. Dijk** | A. Boudier® |

V. Siroux>%’@ | E. Bouzigon®°@ | N. Probst-Hensch®!l@ | M. Imboden!®l@ |
D. Keidel®**@ | D. Sin'?>13 | Y. Bossé!® | K. Hao'® | M. van den Berge?® |
A. Faiz>*® | G. H. Koppelman®*@® | D.S. Postma®3

University of Groningen, University Medical Center Groningen, Department of Epidemiology, Groningen, The Netherlands

2University of Groningen, University Medical Center Groningen, Groningen Research Institute for Asthma and COPD (GRIAC), Groningen, The Netherlands
SUniversity of Groningen, University Medical Center Groningen, Department of Pulmonology, Groningen, The Netherlands

“University of Groningen, University Medical Center Groningen, Department of Pediatric Pulmonology and Pediatric Allergology, Groningen, The Netherlands
5INSERM, Team of Environmental Epidemiology applied to Reproduction and Respiratory Health, IAB, Grenoble, France

%Team of Environmental Epidemiology applied to Reproduction and Respiratory Health, IAB, Univ. Grenoble Alpes, Grenoble, France

7CHU de Grenoble, Team of Environmental Epidemiology applied to Reproduction and Respiratory Health, IAB, Grenoble, France

8UMR-946, Inserm, Paris, France

?Sorbonne Paris Cité, Institut Universitaire d’Hématologie, Université Paris Diderot, Paris, France

1%swiss Tropical and Public Health Institute, Basel, Switzerland

University of Basel, Basel, Switzerland

125t paul’s Hospital, The University of British Columbia James Hogg Research Laboratory, Vancouver, BC, Canada

13Respiratory Division, Department of Medicine, University of British Columbia, Vancouver, BC, Canada

14 nstitut Universitaire de Cardiologie et de Pneumologie de Québec, Department of Molecular Medicine, Laval University, Québec, QC, Canada

15Merck Research Laboratories, Boston, MA, USA

Correspondence
Judith M. Vonk, Department of Summary
Epidemiology, University Medical Center
Groningen, University of Groningen,

Groningen, The Netherlands. exists spontaneous remission. Genome-wide association (GWA) studies have pin-

Email: j.m.vonk@umcg.nl

Background: Asthma is a chronic respiratory disease without a cure, although there

pointed genes associated with asthma development, but did not investigate asthma
remission.

Objective: We performed a GWA study to develop insights in asthma remission.
Methods: Clinical remission (ClinR) was defined by the absence of asthma treat-
ment and wheezing in the last year and asthma attacks in the last 3 years and com-
plete remission (ComR) similarly but additionally with normal lung function and
absence of bronchial hyperresponsiveness (BHR). A GWA study on both ClinR and
ComR was performed in 790 asthmatics with initial doctor diagnosis of asthma and
BHR and long-term follow-up. We assessed replication of the 25 top single nucleo-

tide polymorphisms (SNPs) in 2 independent cohorts (total n = 456), followed by
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expression quantitative loci (eQTL) analyses of the 4 replicated SNPs in lung tissue
and epithelium.

Results: Of the 790 asthmatics, 178 (23%) had ClinR and 55 ComR (7%) after med-
ian follow-up of 15.5 (range 3.3-47.8) years. In ClinR, 1 of the 25 SNPs, rs2740102,
replicated in a meta-analysis of the replication cohorts, which was an eQTL for POLI
in lung tissue. In ComR, 3 SNPs replicated in a meta-analysis of the replication
cohorts. The top-hit, rs6581895, almost reached genome-wide significance (P-value
4.68 x 1077) and was an eQTL for FRS2 and CCT in lung tissue. Rs1420101 was a
cis-eQTL in lung tissue for ILIRL1 and IL18R1 and a trans-eQTL for IL13.
Conclusions and Clinical Relevance: By defining a strict remission phenotype, we

identified 3 SNPs to be associated with complete asthma remission, where 2 SNPs

1 | INTRODUCTION

Asthma is a highly prevalent chronic airway disease that affects over
300 million subjects worldwide. Asthma symptoms usually start in
childhood, but not all preschool wheezers will continue to have
asthma symptoms in childhood. In a birth cohort of asthmatic chil-
dren diagnosed before the age of 6 and followed till 12 years of
age,! asthma remission was present in 48% of the children when
defined as the absence of any asthma events (hospitalization and/or
physician visit) between the ages 6 and 11 years.

In contrast, asthma remission is less common in adults. We previ-
ously defined 2 types of remission,? one being “clinical remission,”
where asthmatics lose their symptoms for at least 12 months with-
out using asthma treatment. This type of remission occurred in 52%
of adult asthmatics. In contrast, remission occurred only in 22% of
asthmatics when defined as “complete remission.” The latter type
had clinical remission and additionally met the more stringent criteria
of normal lung function and absence of bronchial hyperresponsive-
ness (BHR), a hallmark of asthma.? In an observational study in
adults with and without complete asthma remission, we found that
those with complete remission lacked inflammatory infiltration of the
airway mucosa, suggesting the inflammatory response had faded
away.® This was supported by the observation that individuals with
complete asthma remission did not develop sputum eosinophilia
after inhaling adenosine monophosphate, a trigger previously shown
to attract eosinophils to sputum in asthmatics, independently of the
use of inhaled corticosteroids.®

Genome-wide association (GWA) studies have provided insights
into the origins of asthma, and multiple genes have been associated
with asthma development and subsequently replicated, such as the
ORMDL3 region, IL1RL1, IL33 and TSLP.® This has led to some
promising novel asthma treatments like anti-TSLP.” However, despite
better treatments, there is still no cure for asthma. We hypothesized
that genetics also plays a role in asthma remission and that the

genes associated with asthma remission may differ from those

have plausible biological relevance in FRS2, CCT, IL1RL1, IL18R1 and IL13.

associated with the development of asthma. Therefore, we per-
formed a GWA study on asthma remission to provide us with clues
to develop a cure for asthma. We investigated a Dutch identification
cohort of 790 asthmatics initially characterized by the presence of a
doctor diagnosis of asthma and BHR and assessed their remission
status after a median 15.5 years of follow-up. We verified our find-
ings in 2 European cohorts using the same phenotypic criteria and
finally we performed expression quantitative loci (€QTL) analyses to
determine allelic effects on gene expression in lung tissue and
epithelial cells.

2 | METHODS

2.1 | Study population

We included 790 subjects from a long-term follow-up cohort with a
doctor diagnosis of asthma and a positive BHR test at baseline. All
participants who were younger than 12 years at baseline had an
additional follow-up visit during early adulthood in which the persis-
tence of asthma was confirmed by symptoms and objective mea-
sures during a clinic visit. All subjects had at least one follow-up
measurement during adulthood (>18 years) in which their asthma
status was evaluated by questionnaires and in most patients addi-
tionally with spirometry and a BHR test. All subjects participated in
asthma studies performed at the University Medical Center Gronin-

2815 and provided written informed consent. All studies were

gen
approved by the medical ethical committee of the University Medical
Center Groningen (ethics approval numbers METc 2009/007, METc

2010/378 and METc 2012/173).

2.2 | Definition of asthma remission

Clinical remission (ClinR) at follow-up visit was defined as the
absence of asthma symptoms (no wheezing without having a cold in
the last year and no asthma attacks in the last 3 years) and no use
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of asthma medication in the last year but individuals could still have
a low lung function or the presence of BHR. Complete remission
(ComR) was defined as the absence of asthma symptoms and no use
of asthma medication, a normal lung function (FEV,%predicted pre-
bronchodilator >80% or FEV,%predicted post-bronchodilator >90%)
and no BHR (no 20% decrease in FEV, at the maximal dose of his-

3-51617) per-

tamine, methacholine or AMP according to the protoco
sistent asthma (PersA) was defined as the presence of asthma
symptoms and/or the use of asthma medication. If more than one
follow-up Vvisit was available, the most recent follow-up visit with
information on BHR and spirometry was used to determine asthma

remission status.

2.3 | Genotyping and statistical analyses

DNA quality control is described in the Supplemental Methods. After
quality control, 156 954 single nucleotide polymorphisms (SNPs)
were present in all 790 subjects after combining the different geno-
type platforms (lllumina 317 Chip, the lllumina 370 Duo Chip, or the
Omni Express Exome chip (lllumina Inc., San Diego, CA) and subse-
quently used in analyses. These 156 954 SNPs tagged 36%-60% of
all SNPs in the genome (Table S1). All statistical analyses were per-
formed using PLINK v1.07. Logistic regression analyses investigated
the association between SNPs and asthma remission with adjust-
ment for sex without additional covariates given the relatively low
number of participants. Due to the low number of subjects with
ClinR (n = 178) and ComR (n = 55), not all SNPs were tested in an
additive genetic model. In the analysis on ClinR, SNPs with a minor
allele frequency (MAF) below 0.25 were tested in a dominant model
and SNPs with a MAF > 0.25 were tested in an additive model. For
ComR, SNPs with a MAF below 0.40 were tested in a dominant
model and SNPs with a MAF > 0.40 were tested in an additive
model. With these cut-off values, the minimal expected number of
subjects in remission having the homozygote mutant genotype in
the additive models was approximately 10. Two separate analyses
were performed: (1) association between SNPs and ClinR vs PersA,
(2) association between SNPs and ComR vs PersA.

For each analysis, the top 25 SNPs (after excluding SNPs in LD
and regardless of their P-value) were analysed in 2 replication
cohorts. The results of the replication cohorts were meta-analysed
using METAL.X® We assessed the direction of the effect in the iden-
tification cohort, that is a negative effect implying a lower chance of
asthma remission, and a positive effect implying higher a chance of
asthma remission. Significant replication was achieved if the direc-
tion of the effect in this meta-analysis was the same as in the identi-
fication cohort, and if the 1-sided P-value was <.05 (expected

direction based on the identification analysis).

24 | Replication cohorts

Replication was performed in the EGEA-study®® and the SAPALDIA
cohort-study.2>22 Extensive information on these cohorts is pre-
sented in the Supporting information. All subjects with doctor-

diagnosed asthma irrespective of age of onset and a positive BHR
test at the baseline visit (early 1990s) were included in the current
analysis. Remission status was determined at the most recent fol-
low-up visit according to the same definitions as used in the identifi-

cation cohort.

2.5 | Gene expression analysis in lung tissue and
lung epithelial cells

The 4 significantly replicated SNPs were assessed for their associa-
tion with cis- and trans-acting gene expression (mRNA) in lung tissue
(n = 1087).2% Subsequently, significant eQTLs identified in lung tis-
sue were analysed in an epithelial-specific eQTL database (n = 85)

(see Supporting information).

3 | RESULTS

3.1 | Subject characteristics

Subject characteristics of the identification cohort, according to their
most recent asthma status, are shown in Table 1. The median [range]
follow-up was 15.5 [3.3; 47.8] years. Of the 790 included subjects,
178 (23%) had ClinR. Of these, 55 were in ComR (7% of total
cohort). In 41 subjects, a BHR-test was not performed and these
patients were assigned to the ClinR group. Subjects in remission
were more often male, had a longer duration of follow-up, were
younger at baseline and had a better lung function at baseline com-
pared to subjects with PersA. The age of asthma onset was compa-
rable between ClinR and PersA, while subjects in ComR had a
younger age at the start of their asthma compared to PersA. Table 1
also shows the characteristics in the replication cohorts. In EGEA
(n = 351), 23% of the subjects were in ClinR and 2% in ComR. In
SAPALDIA (n = 105), these percentages were 51% and 13%, respec-
tively.

3.2 | Clinical asthma remission

The results of the identification GWAS on ClinR are shown in Fig-
ure 1. There existed no inflation of data based on the lambda of
1.00 and QQ-plot (Figure S5). The results of the replication analysis
(Table 2) show that 1 of the 25 SNPs tested, rs7240102, met the
criteria for significant replication (see Figure Sé6 for regional associa-
tion plot).

3.3 | Complete asthma remission

The results of the identification GWAS on ComR are shown in Fig-
ure 2. The lambda of 1.01 and QQ-plot (Figure S7) gave no indica-
tion of inflation. The results of the replication analysis on ComR are
presented in Table 3. Three of the 25 SNPs tested met the criteria
for significant replication (see Figure S6 for regional association
plots): rs6581895 (intergenic YEATS4 and FRS2),
rs12405429 (intergenic between FAM89A and TRIMé67), and

between
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FIGURE 1 Manhattan plot of Clinical remission in the identification cohort

rs1420101 (located in IL1RL1). In the meta-analysis of the identifica-
tion and replication cohorts, the top-hit rs6581895 had a P-value of
4.68 x 1077, very close to the Bonferroni-corrected genome-wide
significant P-value of 3.1 x 1077.

3.4 | Gene expression analysis in lung tissue

To investigate whether replicated SNPs had allelic effects on gene
expression in lung tissue, we assessed the association between
genotype and lung tissue gene expression. For ClinR, the replicated
SNP rs7240102 was associated with gene expression levels of Poly-
merase (DNA) iota (POLI). Two of the 3 significantly replicated SNPs
that were associated with ComR were identified as e-QTL measured
by 9 gene expression probe sets (Table 4, Figure 3): rs6581895 was
associated with expression of Fibroblast growth factor 2 (FRS2), Chap-
eronin containing TCP1 subunit 2 (CCT2), and rs1420101 located in
Interleukin 1 receptor 1 (IL1RL1) was associated with IL1RL1 and
Interleukin 18 Receptor 1 (IL18R1)-expression (Table S2). In addition,
rs1420101 was a trans-eQTL for Interleukin 13 (IL13) expression.

3.5 | Gene expression analysis in lung epithelial
cells

The significant eQTLs identified in the lung tissue analysis were fur-
ther explored in an epithelial specific eQTL database. None of the
SNPs showed a significant association (Table S3).

4 | DISCUSSION

The goal of our study was to identify genetic markers associated with
asthma remission by performing a genome-wide association study.
This may provide insight into mechanisms underlying asthma remis-
sion and possible provide us with clues to develop a cure for asthma.
We applied a restrictive asthma remission phenotype and defined

complete remission by cessation of symptoms and asthma medication
in addition to good lung health (normal lung function and no longer
BHR present). In this way, we identified 3 consistently associated
genetic loci across all 3 cohorts with in total 76 individuals in com-
plete asthma remission. One SNP reached almost genome-wide sig-
nificance in relation to complete asthma remission and also showed
an association with the expression of FRS2 and CCT2. The replicated
SNP rs7240102 with the loose asthma remission definition, clinical
remission, was associated with gene expression levels of POLI. Thus,
our study shows that it is possible to identify gene polymorphisms
that are consistently associated with a strict phenotype definition of
complete asthma remission across multiple cohorts, even though
none of the SNPs reached genome-wide significance in our small
number of individuals. Given the functional relevance in expression
(eQTL) in lung tissue, the presented data suggest that FRS2, CCT2,
IL1RL1, IL18R1 and IL13 are candidate genes for further functional
studies into their biological role in complete asthma remission.

This is the first genome-wide study on asthma remission, so no
comparator data are available. Several of the genes identified are yet
not known to be involved in asthma or inflammation. FRS2 (Fibrob-
last growth factor receptor substrate 2) belongs to the FRS2 family of
adaptor/scaffold proteins that has 2 members, FRS2alpha and FRS2-
beta.?* Both proteins contain N-terminal myristoylation sites for
localization on the plasma membrane, a PTB domain for binding to
limited species of receptor tyrosine kinases, including the FGF recep-
tor, and a long C-terminal tail with 4 binding sites, 2 for the adaptor
protein Frb2 and 2 for the tyrosine phosphatase Shp2.24 Activation
of these receptor tyrosine kinases allows FRS2 proteins to become
phosphorylated at tyrosine residues and then bring about a cascade
of events including activation of the Ras/ERK, PI3kinase and MAPK
pathway.?®> This may among others affect neurite outgrow.?® FRS
can additionally inhibit EGF signalling, resulting in inhibition of EGF-
induced cell proliferation and cell transformation. An interesting find-
ing is that FRS2 alpha is not only affecting FGF signalling pathways,
but is also a critical regulator of VEGF receptor signalling which may
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FIGURE 2 Manhattan plot of Complete remission in the identification cohort

affect angiogenesis as well as actin reorganization.?® If the latter is
impaired, this might contribute to a reduced load and resolution of
inflammation.?® Finally, changes in this receptor may affect the func-
tion of multiple FGFs, some previously associated with lung develop-
ment or disease, including FGF10?” and FGF7.28

The protein encoded by CCT2 (Chaperonin Containing TCP1, Subu-
nit 2) is a molecular chaperone that is a member of the chaperonin
containing TCP1 complex (CCT), also known as the TCP1 ring com-
plex (TRiC). This complex consists of 2 identical stacked rings, each
containing 8 different proteins. CCT2 assists the folding of polypep-
tides that enter the central cavity of the complex in an ATP-depen-
dent manner, including actin and tubulin. This is of importance as
tissue responses to injury fundamentally involve reorganization of
the actin cytoskeleton of participating cells, including epithelial cells,
fibroblasts, endothelial cells and macrophages. Mutation analysis in
plants has shown that this may affect cell growth.2? CCT2 has addi-
tionally been associated with primary cilia, non-motile microtubule-
based organelles that function as central antennae that sense a wide
variety of signals during development and tissue homeostasis, includ-
ing involvement in the maintenance of cell proliferation.*°

We found that the A-allele of rs1420101, a SNP located in
IL1IRL1, is associated with a lower chance for complete asthma
remission in our adult asthma patients. This seems remarkable, as
this rs1420101 A-allele has been identified previously as a risk for
asthma in GWAS.3! The A-allele of this ILIRL1 variant was associ-
ated with lower ILIRL1 and IL18R1 lung tissue expression®? and
higher IL13 lung tissue expression in our study. Moreover, it was
also associated with higher numbers of eosinophils in childhood
asthma and with a higher risk for asthma in a previous study.®® This
suggests that higher ILIRL1 expression might eventually, and per-
haps in association with other factors, contribute to remission of
asthma by negatively regulating Type 2 inflammation as reflected by
lower lung IL13 mRNA levels. IL1IRL1 encodes 3 splice variants, and
the synonymous asthma SNP rs1420101 is located in exon 5E,

which is only retained in the transcript encoding the truncated IL-
1RL1-c, also called ST2V.3* This might indicate an effect of
rs1420101 on this specific transcript. However, this variant is not
supported by refseq annotation and the function of this transcript is
yet unknown.

We found 1 SNP to be associated with the more loose definition
of asthma remission, clinical remission. This SNP associated with
POLI (Polymerase iota) expression in lung tissue. Human DNA poly-
merase iota (Pol) belongs to the Y family of specialized DNA poly-
merases and is one of the most error-prone enzymes involved in
DNA synthesis.3> The functions of Poli in human cells remain largely
unknown, and it is not clear which might be the role of this gene in
clinical asthma remission.

There are strengths and weaknesses to the current study. A
strength of our approach is that both active asthma and asthma
remission was defined using objective characteristics of the disease,
that is bronchial hyperresponsivess, airway obstruction, in combina-
tion with the presence or absence of patient reported symptoms
and medication use. Due to the use of different genotyping arrays,
we investigated “only” 156,954 SNPs that tagged 36%-60% of all
SNPs in the genome. The term “genome-wide” is thus not really
applicable to our study. Our study has a rich characterization of the
asthmatics collected over a follow-up period of 3-47 years. Because
of the detailed characterization, which included among others hyper-
responsiveness both at baseline and follow-up visits, a strict asthma
remission definition could be used. This reduced the number of asth-
matics with complete remission to 55 in the identification cohort
and 7 and 14 in the replication cohorts, EGEA and SALPALDIA,
respectively. This might theoretically lead to false-negative or spuri-
ous findings, but the fact that all 3 cohorts had the same direction
and magnitude of effect of the identified SNPs in relation to com-
plete asthma remission and that these genes had biologically plausi-
ble eQTLs may suggest that the study has identified promising new
leads for further research on the mechanisms of asthma remission.



1293

WILEY

VONK ET AL.

£109}J9 9Y} JO UOIRUIP Ui ‘oY SPPO YO ‘Adusnbaly s9|e

‘'SANS _uwumu__ﬁ_w.h >_ucmu_+_cw_m M_U_OQ U] "uolissiwal pue 3|9]|e pa3sal 3yl usaMiaq uoljeldosse ®>_umwwr_\w>_u_m0& sajedlpul =|\+
Joull ‘YN ‘[3pPOW dABIPPE ‘Aqy {PPowW JUBUIWOp ‘WOQ :1S3L

»

919|e PaISa} ‘Y1 ‘dwosowoyd ‘YHD ‘wsiydiowAjod apirospnu aj8uls ‘dNS

Z6S0ETO0TD01/0Z4D4  ZVHA3 +—+ ¢ 0T XZT 0€C +— ;0T XO0% STT , 0l X+E ¥ET ;0T XS 260 , O X 8 Z8C
ZWISD/968T¥PD0T  YWISD  +++ , 0T X 9T 86T ++ ;O X9T T0C ;0T X6% SOT ;OT XTT +8C , 0T X9€ STE
[809Y9D01/Zd1SLNY  Q¥dld  +—+ , 0T X 6% €5C +— ;0L X /T ST 0T X/T 96T , 0T XZ9 2,0 , 0l X¥€ 16T

TY8T11/ZZ86ZT00T001  TWTN ——— 0L X 69 9¥0 —— , O X 6€ 250 ; OT X ET 090 , O X TZ 6£0 , OT X ¥'E b0

VEEANZ/STANZ  VESANZ +—+ ¢ 0T X 0T 12Z +— 0L X /¥ ¥OT (Ol Xttv TTT ;0L XES ¥60 , 0L X €€ 96¢
dg2z3gn/ogdL VN +—+ , 0l X€¥ 9%C +— ;. 0TXZZ IST ;0T X¥T ITCT ;0T XSS 160 , 0T XEE §8T
TSYHAW/€ZNATD YN +=+ , 0T XG§ /[¥pT +— ;0T XZE 2T ,OL X¥T /LIT ;0T X6L Tv0O , O X OE (8T
TdNVY/0259¥9001 VN —++ ¢ 0T X 6T 12T —+ ;0T X95 260 , 0T Xx09 ¥80 ;0T X /¥ /0T , O X8Z 68C
82dVdd/90v£ZTD0T YN —+ ¢ 0L XZT ¥€C¢ —+ ;0T X8p €0T , 0L XG9 S0 ;0T X0E /ST , 0L X8Z V6T
087552201/6TINGY GXdl —++ ¢ OT XGCT €2C —+ 0T XTZ 2LO ;0T X08 050 ;0T X8y 90T , 0T X 9T 96T
£26£21001201/92062L207T YN ——+ ,O0LXTT 09T —— ;0L XT6 090 , O0F X8 190 ;0T XZ8 /S0 , 0 XSZ 8IT
ZYONZI/GY0TTl  TYYNAl  +i+ , 0T X 6% €5C + ;0T X6€ TCT Ol X 6€ 2TT VN VN , 0T XGZ 88T
£29€¥9201/22AaH YN +—+ , 0l X 6§ 96C +— ;0T XTZ 2ST ;0L X¢T 2€C ;0T XES %60 , 0T XTT 6C¥
LL6£TZLDOT/E6E0ETO0TIOT WN ——+ 0L X€Z 26T —— ;0T X86 E€Y0 , 0L X€6 6/0 ;0T X566 SE0 , 0T X2T 9TT
ZVI21S/XHAd Y¥Ad  +++ , 0T X 8T S8C ++ [ 0L XZC 29T 0T X /€ ¥ET , 0T XZZ €6T , 0l XTT €€¢
¥Z90ET00TI01/9€66ZT00TI0T YN +—+ ¢ 0T X9Z 6IC +— ;0T XT9 /80 , 0T X/€ €T , 0l XE€8 S0 , 0T X0Z ZIE
8408D/6/4108D 127 +—— ¢ 0T XE€T €50 +- ;0T X /¥ £60 ;OT X9§ [LOT ; Ol X6€ S80 , 0T X8T Z¥0
ELEEYIDOT/MIVIY  EANIDID  ++— ¢ OT X ¥9 8y0 ++ , OT X¢8 09T ;0T X9/ 85T ;0T XZ/Z ¥9T , 0T X8T TIE0
1d9dSH/TSVS  TdddSH ——— , 0T XZT 8/0 —— ;0T XE€T €90 , 0T X L€ S80 ,OT XZL 880 , 0 X /LT b0

TIXT19.1/89T0££001 YN it L, 00 X TT LLT &+ ;0T XEE ST YN VN ;0T X€€ Syl , 0T X /LT 66C

LIWIIL/V68NVA VN +++ o OT XTT L6T ++ , 0T X8E 8§C , 0L XT6 S9CT ;0T XTI 1SC , 0T XOT OTE
OTASSVY/VAYVd ~ TAVAL ++ ¢ OT XG§ 08E ++ , 0L XG6 £2C ;0T X0Z S8T ; Ol XET 8€€ ¢ O X LL YLV
10040/59€68€00T YN —+— , 00 %XZ8 &0 —+ ;0TXT9 ST , 0l X8€ 280 ;0T XT8 0IZ O X6S IE0
£980ETO0TDO1/LEETHIDOT WN —++ , 0T XZZ SSC —+ ;0T XG5S %60 , 0T X /.S 680 ;0T X8F SOT O X¥T [SE
ZS¥4/¥S1VAA YN  +++ , 00 X /b T8E ++ 0L X09 SLE ;0L XGZ SLE 00 X09 /S 0T XET €8¢

auas 3yspy/auss Y 3U3) N  dPAPISZ WO MA  dPAPISST MO  dPIPIS-T WO dPIPISST WO d PIPIS-T 4O
NOILVLONNV—3N3D viaivd VIQ1VdvS+van3 16 ‘s|oiuod 0LT :s|013u0) 19 :s|013u0)
-VS+V39D3F+uonesynuapl sisAjeue-y 13N yT isased) / sase) GG sase)

sisAjeue-y 13N VIa1vdvs vao3 Hoyod

uopesyup|

120
£00
110
70
S¢0
610
STO
[4A40)
110
€10
144¢
910
LEO
7’0
£L00
920
1340
€€0
60
10
ST°0
€€0
8€0
810
vco
dVIN

Woda
nWoda
nodad
aav
nWoa
nWoa
nWoda
noda
Woda
NWoda
aav
nWoda
nod
aav
nWoda
Woda
aav
noda
aav
noda
WOa
noda
noda
noda
WOoa

O 0O 0O 0LV LU CILCCL LV COL L LV ILCICCOLU O KL

9

8

(0]

- O o©

(4

174

17
[44

41

1S31 V1 ¥HO

9¢8E0CTTs4
G86059s1
609¥8£Cs4
TOTOCY 1S4
6GEVCISI
688606954
691G59Gs4
69¥60€s4
86VLETCTSA
86S/LET/SA
6/5/6¥0Ts4
8981¥0Ts4
€0CESETSI
V9516954
TEOTGLESA
COLET/SA
06561654
96566¢S4
Y91E0V0TS4
VAR A VA
6CYS0vCTsA
V1L998Ts4
9866LE654
£98CSG/S4
G681859s4
dNS

(810°gpuEdSMMM) NYDS Suisn pauLiojiad sem UOIJEJOUUE SUSD) "UOISSIWSI BWY)SE 939|dWo) Uo SYAAD JO SINS GZ dol Jo synsay € 319V 1


http://www.scandb.org

1294 VONK ET AL
WILEY
TABLE 4 Significant associations between SNPs and gene expression in lung tissue
SNP CHR TA Cis/Trans Number of tested probes Probe Gene B SE P
SNP associated with ClinR
rs7240102 18 G Cis 27 100130406_TGl_at PoLI 0.041 .010 5.86 x 107>
100313174 _TGlI_at POLI 0.051 .012 2.23 x 107
100157415_TGlI_at POLI 0.055 .012 211 x 10°¢
SNP associated with ComR
rs6581895 12 G Cis 53 100133437_TGl_at FRS2 —0.043 .013 8.88 x 10°*
100306086 _TGI_at FRS2 0.029 .009 8.77 x 1074
100156179 _TGl_at CCT2 —0.029 .006 4.65 x 10°¢
rs1420101 2 A Cis 42 100302151_TGl_at IL1RL1 —0.061 011 1.10 x 1077
100302783_TGlI_at ILIRL1 —0.860 .049 5.10 x 107%°
100148210_TGl_at IL1RL1 -0.741 .043 282 x 10°%°
100148162 _TGl_at IL1RL1 -0.578 .035 9.61 x 10743
100312840_TGI_at IL1IRL1 —0.548 .033 1.07 x 107¢®
100136977_TGl_at ~ IL18R1 ~ -0.221 022  9.88 x 1072
Trans 49 236 100125222 _TGl_at IL13 0.100 .020 3.69 x 1077

SNP, single nucleotide polymorphism; CHR, chromosome; TA, tested allele; Cis: association with gene-expression of a gene within a 1 Mb distance of
the SNP; Trans: association with gene-expression of a gene anywhere in the genome; B, Beta; SE, standard error; P: P-value.
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FIGURE 3 Lung eQTL associated with complete asthma remission. A, Association between SNP rs6581895 and gene expression of FRS2
(probe set: 100133437_TGl_at), (B) association between SNP rs1420101 and gene expression of ILIRL1 (probe set: 100302783_ TGI_at)*2

Of interest, none of the replicated SNPs was an eQTL in epithelial
cells, while these cells are thought to be fundamental to asthma
development.3® This suggests that either larger groups of patients
should be studied to ensure that epithelial cells do not contribute to
asthma remission, or that different inflammatory or resident cells in
the lung may be important for asthma remission compared to those
for asthma inception. The prevalence of asthma remission in the
SAPALDIA study is higher than in the other 2 cohorts. This may be
the result of the fact that the SAPALDIA study is a general popula-
tion-based cohort while the other 2 cohorts are hospital-based stud-
ies that generally attract patients with more severe asthma.

In conclusion, we found suggestive evidence that a set of genes
may contribute to asthma remission in a subset of asthmatics, using
a strict definition of complete asthma remission. The study points to
the value of deep phenotyping for the identification of novel drug

targets through genetic epidemiology complemented with functional

characterization of associated SNPs. We invite the scientific commu-
nity to contribute to further characterization of asthmatics in a simi-
lar way to increase the numbers of asthmatics with complete
remission to be studied with a genome-wide screen, thus allowing
gene-gene interaction and epigenetic assessments as well, or even
better to do so with whole genome sequencing as this may addition-
ally elucidate rare variants and pinpoint genes that associate with
such a rare, but extremely important phenotype of asthma: full

remission!
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Supplemental Methods

Identification and replication cohorts

Identification cohort EGEA SAPALDIA
Number of participants 790 351 105
Study design cohort Case-control Longitudinal case- Population-based
control and family cohort study,
study nested Case-
control
Ethnicity Caucasian Caucasian Caucasian

Population included in | Asthmatics + BHR Asthmatics + BHR | Asthmatics + BHR
analysis

Definition of current Asthma doctor Asthma doctor Asthma doctor
asthma diagnosis + BHR diagnosis + BHR diagnosis + BHR
Covariates used Gender Gender Gender
CHIP lllumina 370K DUO llumina Human [llumina Human

Chip; lllumina 317K | 610quad BeadChip 610qguad BeadChip
Chip; Omni Express
Exome

BHR: Bronchial Hyperresponsiveness

Genotyping

DNA was genotyped with the lllumina 317 Chip (n=363), the Illlumina 370 Duo Chip (n= 332),
or the Omni Express Exome chip (lllumina Inc, San Diego, CA) (n= 95). Quality control was
applied to each platform separately; subjects were removed from the analysis if they were
not of Caucasian descent, had a low genotyping call rate (<95%) or had discrepant or
ambiguous genetic sex data. Single Nucleotide Polymorphisms (SNPs) were removed if the
call rates were low (<95%), not in Hardy-Weinberg Equilibrium (p<1*10™), or if the minor
allele frequency was <0.05. After this platform-specific quality control overlapping SNPs
were merged. A second quality control was applied to this merged dataset: SNPs not in
Hardy Weinberg Equilibrium (p<1*10*) and SNPs with a low genotyping call rate were
(<95%) were removed. Finally, 156,954 SNPs remained for analysis. A principal component
analysis on this final dataset did not show any remaining clustering (figure E4). With the help
of Dr. V. Guryev (European Institute of the Biology of Aging, University Medical Center
Groningen) we calculated the percentage of tagged SNPs in the GoNL database
(www.nlgenome.nl). Of the 156,954 SNPs we analyzed, 721 were not present in GoNL.
Depending on the R? used, the remaining 156,233 SNPs tagged between 36% and 60% of
the 5,551,734 SNPs in Go NL with a MAF > 5% (see table E1).
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Table E1. Percentage of tagged GoNL SNPs with the 156,233 SNPs used in our analysis

R? # tagged SNPs % tagged SNPs
0.5 3,348,389 60.31
0.6 2,897,685 52.19
0.7 2,046,001 43.82
0.8 2,006,022 36.13

Gene expression analysis in lung tissue

Lung tissue was obtained from patients that underwent lung resection surgery at three
participating sites; University of Groningen (GRN), Laval University (Laval) and University of
British Columbia (UBC)'. The final dataset included 1,087 subjects. A cis-eQTL was defined
as a SNP that was significantly associated with expression levels of a probe set (gene)
within 1 Mb distance of that SNP. Significant p-values were based on a Bonferroni-corrected
threshold (p = 0.05/number of probe sets within the defined window). Trans-eQTLS were
SNPs associated with expression levels of a probe set anywhere in the entire genome and
the Bonferroni-corrected p-value was 0.05/49236 = 1*10°.In each cohort separately, linear
regression analysis (using software package R) was performed to test for association
between the SNPs and 2-log transformed gene expression levels using an additive genetic
model with adjustment for disease status (alpha-1 antitrypsin deficiency, idiopathic
pulmonary fibrosis, pulmonary hypertension, cystic fibrosis, COPD, other disease), age,
gender, smoking status and the cohort specific number of principal components. SNP effect
estimates of the three cohorts were meta-analysed using fixed effects models with effect

estimates weighted by the reciprocal of the estimated variance.
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Gene expression analysis in lung epithelial cells

DNA samples were genotyped on the lllumina OmniExpress Exome genotyping arrays.
Gene expression profiles were obtained from bronchial brushing of controls (n=85) without a
lung disease, FEV%predicted >90% and FEV./FVC >70% and absence of BHR, using a
Human genome ST v1.0 array. Linear regression analysis was used to test for association
between the SNPs and 2-log transformed gene expression levels. SNPs were tested in a

dominant genetic model adjusted for age, sex, and smoking status



1 Table E2. Association between SNPs and gene expression in lung tissue.

SNPs associated with ComR

eqtl meta
Tested eqgtl meta standard error | egtl meta
SNP Allele Gene name | Probe estimate (B) (SE) p-value

rs6581895 G 100127694_TGI_at 0.01 0.01 0.39
MDM2 100135208_TGI_at 0.01 0.02 0.45
RAB3IP 100309946_TGI_at 0.01 0.01 0.52
100123262_TGI_at 0.01 0.03 0.85

RAB3IP 100160044_TGI_at 0.05 0.01 1.00E-03
CPM 100132227_TGI_at 0.00 0.01 0.85
MDM2 100302926_TGI_at 0.01 0.02 0.65
NUP107 100301885_TGI_at 0.00 0.01 0.61
FRS2 100123359_TGI_at -0.03 0.01 0.05
CNOT2 100140473_TGI_at 0.00 0.00 0.95
CPSF6 100135750_TGI_at -0.02 0.01 0.09
CNOT2 100306942_TGI_at 0.00 0.01 0.50
100129073_TGI_at -0.01 0.00 0.11
SLC35E3 100126417_TGI_at 0.00 0.02 1.00
CNOT2 100311239_TGI_at 0.01 0.02 0.71
LRRC10 100132996_TGI_at 0.01 0.01 0.55
LYZ 100303765_TGI_at 0.06 0.05 0.23
NUP107 100148420 _TGI_at -0.01 0.01 0.36
CPSF6 100307209_TGI_at 0.00 0.01 0.86
CNOT2 100313600_TGI_at 0.00 0.01 0.73
CPSF6 100314036_TGI_at 0.00 0.01 0.69

FRS2 100306086_TGI_at 0.03 0.01 8.77E-04
100312478_TGI_at 0.01 0.01 0.28
100312009_TGI_at 0.00 0.02 0.98
BEST3 100141637_TGI_at -0.01 0.02 0.72
CCT2 100148427_TGI_at -0.02 0.01 0.14
RABSIP 100304839_TGI_at 0.01 0.01 0.61
CPM 100307202_TGI_at 0.01 0.01 0.63
KCNMB4 100302305_TGI_at 0.01 0.02 0.78
RAB3IP 100125891_TGI_at -0.02 0.02 0.30
C120rf28 100122524_TGI_at -0.08 0.03 0.01
CPSF6 100129713_TGI_at 0.00 0.01 0.84
100157144_TGI_at -0.01 0.01 0.60
100310737_TGI_at 0.02 0.01 0.20
100149036_TGI_at 0.00 0.02 0.93
100154265_TGI_at 0.01 0.01 0.24
SLC35E3 100301951_TGI_at -0.01 0.01 0.38
100308513_TGI_at 0.01 0.01 0.34
hCG_1757335 | 100307048_TGI_at 0.00 0.01 0.67

CPSF6 100303866_TGI_at 0.06 0.02 3.13E-03
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100139316_TGI_at 0.02 0.02 0.38
KCNMB4 100149542_TGI_at 0.02 0.02 0.45
100124872_TGI_at -0.01 0.02 0.67
100124952_TGI_at 0.00 0.01 0.79
FRS2 100133437_TGlI_at -0.04 0.01 8.88E-04
YEATS4 100125980_TGI_at -0.01 0.01 0.50
CCT2 100156179_TGI_at -0.03 0.01 4.65E-06
BEST3 100304246_TGI_at 0.01 0.01 0.34
CPSF6 100127368_TGI_at 0.05 0.02 2.78E-03
CNOT2 100161969_TGI_at -0.01 0.01 0.17
100160696_TGI_at 0.00 0.02 0.96
CPM 100156613_TGI_at -0.01 0.02 0.74
100134709_TGlI_at -0.01 0.01 0.47
rs12405429 GNPAT 100142725_TGI_at 0.00 0.01 0.64
AGT 100143203_TGlI_at 0.07 0.04 0.10
Clorfl31 100307787_TGI_at 0.00 0.01 0.85
TTC13 100151838_TGlI_at 0.02 0.01 0.04
COG2 100311024_TGI_at -0.01 0.02 0.42
ARV1 100151323_TGI_at 0.01 0.01 0.45
100157180_TGI_at 0.05 0.02 2.84E-03
GALNT2 100136530_TGI_at -0.01 0.02 0.66
DISC1 100303421_TGI_at 0.00 0.01 0.83
FAM89A 100129264_TGI_at 0.01 0.02 0.73
100161212_TGI_at 0.01 0.02 0.70
CAPN9 100125499_TGI_at 0.14 0.05 3.39E-03
FAM89A 100304106_TGI_at 0.01 0.02 0.48
EGLN1 100313058_TGlI_at -0.03 0.01 0.02
TSNAX 100141032_TGI_at -0.02 0.02 0.24
COG2 100300634_TGI_at -0.02 0.01 0.04
100155968_TGI_at 0.00 0.01 0.96
AGT 100306993_TGI_at 0.05 0.04 0.16
100146945_TGI_at 0.01 0.03 0.73
100158854_TGlI_at 0.00 0.02 0.78
Clorf198 100156131_TGI_at 0.01 0.01 0.48
COG2 100158580_TGlI_at 0.00 0.01 0.51
100145225_TGI_at -0.02 0.01 0.19
AGT 100311475_TGlI_at 0.07 0.04 0.10
DISC1 100162356_TGI_at 0.02 0.01 0.27
TRIMG67 100131467_TGI_at 0.00 0.01 0.95
TSNAX 100142722_TGI_at 0.00 0.01 0.67
DISC1 100155369_TGI_at -0.01 0.02 0.57
Clorfl24 100155018_TGI_at -0.02 0.01 0.19
GALNT2 100148868_TGI_at 0.00 0.01 0.87
EXOCS8 100134565_TGI_at 0.00 0.01 0.92
100129621_TGI_at 0.01 0.02 0.63




TRIM67  |100156177_TGI_at 0.03 0.01 0.07
CAPN9 100302502_TGI_at 0.13 0.04 1.73E-03
PGBD5 100161563_TGI_at 0.00 0.03 0.98

GALNT2 100155852 TGI_at -0.01 0.01 0.41
Clorfl31 100146570 TGI_at 0.00 0.01 0.74
Clorfl24 100304229 TGl at 0.00 0.01 0.76
100150162_TGI_at 0.01 0.01 0.68
DISC1 100313095_TGI_at 0.03 0.02 0.07
EGLN1 100313721_TGI_at 0.02 0.01 0.08
ARV1 100313022_TGI_at 0.02 0.01 0.01
100121634_TGI_at 0.00 0.02 0.81
FAM89A  |100137456_TGI_at 0.02 0.02 0.34
100137441_TGI_at 0.00 0.02 0.75
100305210 TGI_at 0.04 0.02 0.16
100155235_TGI_at 0.02 0.02 0.41
EGLN1 100121808_TGI_at -0.01 0.01 0.37
rs1420101 100126851_TGI_at 0.00 0.01 0.64
100300514_TGI_at -0.01 0.01 0.12
SLC9A2  |100129736_TGI_at 0.07 0.02 4.17E-03
SLC9A2  |100302857 TGI_at -0.01 0.01 0.39
100151303_TGI_at 0.00 0.01 0.71
100135008_TGI_at -0.01 0.02 0.67
100139696_TGI_at -0.01 0.01 0.13
MAP4K4  |100122422 TGI_at -0.01 0.01 0.15
IL1IR2 100156614_TGI_at 0.06 0.03 0.04
MAP4K4  |100140079 TGI_at 0.01 0.01 0.48
ILIRL1 100148210_TGI_at -0.74 0.04 2.82E-65
IL18R1 100136977_TGI_at -0.22 0.02 9.88E-23
100131830_TGI_at 0.00 0.01 0.68
ILIRL1 100148162_TGI_at -0.58 0.03 9.61E-63
100123814_TGI_at 0.02 0.01 0.13
100131639 TGI_at -0.03 0.02 0.16
IL1IR1 100126810_TGI_at -0.01 0.01 0.18
TMEM182 |100301278_TGI_at 0.00 0.01 0.97
MFSD9 100149741_TGI_at 0.00 0.01 0.99
100129894 TGI_at 0.01 0.02 0.63
TMEM182 |100142780 TGI_at -0.01 0.02 0.33
CREG2 100135213_TGI_at 0.00 0.02 0.98
TMEM182 |100310871_TGI_at 0.00 0.01 0.90
100149533_TGI_at 0.01 0.01 0.26
100154541_TGI_at 0.02 0.01 0.11
ILIRL1 100312840 TGI_at -0.55 0.03 1.07E-63
100133110_TGI_at -0.02 0.02 0.28
MFSD9 100151768_TGI_at -0.01 0.01 0.36
ILIRL1 100302783_TGI_at -0.86 0.05 5.10E-69
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SLC9A4 100303432_TGI_at 0.00 0.01 0.70
MAP4K4 100124060 _TGI_at -0.01 0.01 0.47
ILIRL2 100157422 _TGI_at -0.01 0.01 0.31
CREG2 100148191 TGI_at -0.02 0.01 4.84E-03
MAP4K4 100146402_TGI_at 0.00 0.01 0.88
ILIRL1 100302151 _TGI_at -0.06 0.01 1.10E-07
MAP4K4 100304599 TGI_at 0.00 0.01 0.77
MAP4K4 100125831 _TGI_at -0.01 0.01 0.11
UNQ9419 100136468 _TGI_at 0.00 0.02 0.83
MAP4K4 100307128 _TGI_at 0.00 0.01 0.66
ILIR1 100313713_TGI_at -0.01 0.01 0.29
ILI8BRAP 100141328 _TGI_at 0.02 0.02 0.26
MFSD9 100307278 TGl at -0.01 0.01 0.24
SNP associated with ClinR
eqtl meta
Tested eqgtl meta standard error eqgtl meta
SNP Allele Gene name Probe set estimate (B) (SE) p-value
rs7240102 G TCF4 100125935 TGI_at 0.03 0.01 0.02
100144255 TGI_at -0.04 0.02 0.04
C18orf26 100132124 _TGI_at 0.01 0.01 0.32
TCF4 100307627_TGI_at -0.01 0.01 0.45
CCDC68 100301640 _TGI_at 0.03 0.01 0.06
100132867_TGI_at -0.02 0.02 0.22
100127435 _TGI_at -0.02 0.02 0.44
TCF4 100149310 _TGI_at -0.01 0.01 0.05
100161539 _TGI_at -0.01 0.01 0.27
RAB27B 100146805 _TGI_at -0.01 0.02 0.65
TCF4 100161929 TGI_at 0.00 0.01 0.51
C18orf54 100301048 _TGI_at 0.03 0.02 0.11
TCF4 100151954 TGI_at -0.01 0.01 0.42
MBD2 100302777_TGI_at 0.01 0.01 0.40
MBD2 100132706_TGI_at 0.01 0.01 0.44
STARDG6 100147408_TGI_at -0.01 0.01 0.21
TCF4 100140856 _TGI_at -0.01 0.02 0.34
POLI 100130406_TGI_at 0.04 0.01 5.86E-05
100138730 _TGI_at 0.00 0.01 0.70
C18orf54 100151943 TGI_at 0.03 0.02 0.26
MBD2 100160551 TGI_at 0.00 0.01 0.75
100306550 _TGI_at -0.01 0.01 0.39
TCF4 100310719 _TGI_at 0.00 0.01 0.86
C18orf26 100301041 _TGI_at 0.02 0.01 0.20
CCDC68 100139699 TGI_at 0.04 0.01 4.11E-03
POLI 100313174 _TGI_at 0.05 0.01 2.23E-05
POLI 100157415 TGl at 0.06 0.01 2.11E-06
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Table E3. Association between SNPs and gene expression in lung epithelial cells.

SNP gene Tested B SE P
allele

rs7240102 POLI G 0.06 0.09 | 0.52
rs6581895 FRS2 G 0.06 0.08 | 0.46
CCT2 G 0.01 0.07 | 0.83

rs1420101 IL1IRL1 A 0.07 0.08 | 0.41
IL18R1 A -0.03 | 0.06 | 0.69

IL13 A 0.10 0.07 | 0.17

Figure E4: Principal component analysis of the final genotype dataset

0.044 PC2
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: Q-Q plot of the clinical remission analysis in the identification cohort
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Figure E6: Regional association plots of replicated regions in A: Clinical asthma remission
and B. Complete asthma remission. Horizontal axis; genomic basepair position, Left vertical
axis; p-value, Right vertical axis recombination rate. Red color is strong linkage
disequilibrium between replicated SNP and regional SNP
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Figure E7: Q-Q plot of the complete remission analysis in the identification cohort
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