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INTRODUCTION

Over 300 genes related to the asthma phenotype have been 
identified in genetic association studies.1 However, some genes 
and loci have been associated, replicated numerous times, and 
are recognized as the “gold standard”. Several association stud-
ies have reported the 2q12 locus association with asthma.2 
Among the genes of this locus, interleukin 1 (IL1) receptor type 
1 (IL1R1) has been associated with innate immunity and the 
IL1 receptor type 2 (IL1R2) with atopy.3,4 IL1R2 was also found 
to be overexpressed in bronchial biopsies of individuals with al-
lergic asthma.5 

IL-1 is a potent cytokine of innate immunity primarily in-
volved in the initiation of inflammation, as well as Th17 and 
nonconventional Th1 (CD161+) responses. It has been shown 
that drugs neutralizing IL-1 lead to a reduction of airway hyper-
reactivity, a decrease of inflammatory infiltration and less Th2 
cytokines.6-8 IL-1 has two receptors: 1) IL-1R1 is expressed on 
virtually all cell types; and 2) IL-1R2 is principally expressed by 
neutrophils, B-cells, monocytes, and macrophages, as well as in 

the plasma in its soluble form (sIL-1R2).9 IL-1R2 is involved in 
the negative regulation of IL-1 as it does not possess the Toll-
like domain essential for signal transduction10 and sIL-1R2 can 
bind directly to IL-1 and sIL-1RAP.9 As the IL1R1 and IL1R2 
genes have been implicated in asthma, we hypothesized that 
genes that modulate IL1R2 activity could have a role in asthma 
and asthma-related phenotypes. To investigate this hypothesis, 
we selected single nucleotide polymorphisms (SNPs) of 10 
genes involved in IL1R2 activities and investigated their associ-
ations with asthma, allergic asthma, and atopy using 2 familial 
collections. 
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MATERIALS AND METHODS

The French-Canadian Saguenay‒Lac-St-Jean (SLSJ) asthma 
familial collection and the French Epidemiological Study on 
the Genetics and Environment of Asthma (EGEA) are both 
large collections that bring power to this study. The SLSJ famil-
ial collection is comprised of 1,284 individuals (253 unrelated 
asthmatic probands) native of SLSJ, a region of Québec (Cana-
da) and was used in the discovery study.11 This population of 
European origin is known for its founder effect and has a wide 
range of highly conserved chromosomal regions, facilitating 
the identification of disease-associated genes. A total of 789 in-
dividuals (235 probands) with European ancestry12 from the 
EGEA family collection were included in this study and used 
for replication. All probands and their two parents were of Eu-
ropean ancestry, born in France.12 A description of the studies 
and a table describing the phenotypic features are available in 
the online supplement (Table E1). For SLSJ and EGEA indepen-
dent studies, ethical approval was obtained from the appropri-
ate institutional ethic committees and all individuals gave writ-
ten informed consent. 

The power to detect single SNP associations and SNP×SNP 

interactions in the discovery collection was determined using 
the Quanto program (http://biostats.usc.edu/Quanto.html).13,14 
The power was estimated under an additive genetic model with 
minor allele frequencies (maf) between 0.05 and 0.50 and main 
effect size (odds ratio) or interaction effect size (odds ratio in in-
teraction analyses) ranging from 1.1 to 2.5. The study had suffi-
cient power (>80%) to detect moderate to large effects (≥1.7) 
for SNPs with maf ≥0.05 and sufficient power to detect small to 
moderate effects (≥1.4) for SNPs with maf ≥0.20 in single SNP 
analyses. For the interaction analyses, the study had sufficient 
power to detect moderately large effects between common al-
leles (odds ratio ≥1.7 for maf ≥0.15 and an odds ratio ≥1.4 for 
maf ≥0.30). Full details of the power calculations are in Tables 
E2 and E3.

To identify genes involved in IL1R2 function, a review of the 
literature was performed using PubMed by entering different 
combinations of the following keywords: IL1R2, interleukin 1 
decoy receptor, expression, induce, regulate, decrease, and in-
crease. A total of 10 genes were selected according to their di-
rect effect on the IL1R2 expression or protein level or for the di-
rect impact on IL-1R2 binding activity. The genes are presented 
in Figure and Supplementary Table E4. 

Figure. Schema of the genes involved in IL-1R2 activities analysed in this study. This figure represents the potential actions and interactions of genes involved in the 
IL1R2 gene activities in the bronchus of an asthmatic individual. Arrows represent the interactions between genes selected. The upper panel shows the possible in-
volvement of the receptor IL-1R1 in the TH1 and TH17 immune response. The bottom panel illustrates the actions of IL-1R2 in the TH2 immune response. The complete 
information about the genes selected are available in the Supplementary T able E4.
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Genotypes were extracted from the genome-wide data ob-
tained in the context of the European GABRIEL asthma consor-
tium using the 610K Quad Array from Illumina (Illumina, San 
Diego, CA, USA). A single SNP analysis was performed using 
the Family-Based Association Test (FBAT; http://www.hsph.
harvard.edu/fbat/default.html) under an additive genetic mod-
el. Analyses of gene-gene interactions including 17,040 SNP 
pairs were tested using UNPHASED software (v3.1.5) (https://
sites.google.com/site/fdudbridge/software/unphased-3-1) 
with the «genotype tests» option. The most frequent haplotype 
for each pair of SNPs was used as the reference haplotype for 
the interactions. Moreover, only haplotypes with a frequency ≥
1% were examined. Analyses were first performed in the dis-
covery SLSJ family dataset, and the most significant signals 
were used for replication in EGEA families (P≤0.05 for single 
SNPs and P≤0.0005 for interaction analyses (corrected P value 
considering the number of independent SNPs). Using the 
SNPSpD and the matSpD tools, the critical P value thresholds 
for single SNP analysis was set to P≤0.0003. Using a Bonferroni 
correction, the statistical threshold was set to P≤2.9×10-6 for 
the SNPxSNP interactions (correcting for the number of SNP×

SNP interactions and independent phenotypes).15 For the repli-
cation analysis, the statistical thresholds were obtained for each 
phenotype according to the number of SNPs tested and were 
set to P≤0.0048, P≤0.0030, and P≤0.0056 for asthma, allergic 

asthma and atopy phenotypes, respectively in single SNP analy-
ses. The thresholds were set to P≤0.05 for the SNP×SNP inter-
action analyses for all phenotypes as only one different associa-
tion was tested for each. These statistical thresholds were also 
applied to the combined meta-analysis results of both the dis-
covery and replication studies. SLSJ and EGEA results were 
combined using the Stouffer’s method implemented in METAL 
(single SNP analyses; http://www.sph.umich.edu/csg/abeca-
sis/metal/) and MetaP software (interaction analyses; http://
compute1.lsrc.duke.edu/softwares/MetaP/metap.php).

RESULTS

A total of 184 SNPs were located in a±10 kb region of the 10 
selected genes and met the following quality control criteria 
(call rate ≥95%; maf ≥5%; Hardy-Weinberg equilibrium P val-
ue ≥5%; and Mendelian errors ≤1%) were analysed. 

We found suggestive evidence of an association (P≤0.05) in 
the SLSJ families for 29 SNPs (see Table and Tables E5-E7 for 
the complete results). Of those, the IL1R1 rs3732131 SNP was 
associated with asthma in both studies with a significant asso-
ciation after statistical correction in the EGEA study. However, 
it was not fully replicated as the risk allele was not the same 
(pSLSJ=0.04, pEGEA=0.001, and pcombined=0.34). The association 
between the BACE2 rs9975388 SNP with allergic asthma was 

Table. Main association results for single SNP and SNP×SNP interaction analyses 

Gene Marker 
Location* Freq

Asthma Allergic asthma Atopy

SLSJ EGEA Comb. SLSJ EGEA Comb. SLSJ EGEA Comb.

P value
 (n)

P value
 (n)

P value
 (n)

P value 
(n)

P value 
(n)

P value
 (n)

P value
 (n)

P value 
(n)

P value 
(n)

Single SNP analysis
   IL1R1 rs3732131 3’ UTR 0.08 0.0415 (64) 0.0012 (73) 0.3351 (137)

   BACE2 rs9975388 Intron 0.37 0.049 (124) 0.035 (113) 0.004 (237)

   MMP2 rs17301608 Intron    0.31 0.009 (107)   0.05 (138) 0.002 (245)

rs9302671 Intron 0.30 0.010 (112) 0.070 (140) 0.003 (252)

SNP×SNP interaction analysis
   BACE1 rs551662 Intron 7.62×10-5 0.662 0.012 

   IL1RAP rs997534 Intron (300) (323) (623)

   IL1R1 rs10208708 
Intron-upstream 
variant 2KB 

3.87×10-6 
(254)

0.040 
(400)

5.40×10-5 
(654)

   IL1RAP rs2241343 Intron
   BACE1
   IL1RAP

rs676134 Intron 
rs3773976 Intron

2.99×10-5 
(222)

0.079 
(659)

0.005 
(881)

Single SNP association with P≤0.05 and SNP×SNP interaction with P≤0.0005 in SLSJ were selected for replication in the EGEA asthma study. 
*Locations according to the UCSC Genome Browser assembly ID hg38.
Comb., Combination of both P values using the Stouffer’s method; Freq., allele frequency of the minor allele in the SLSJ familial collection; n, number of families that 
contributed to the single SNP association tests and the number of individuals that contributed to the SNP×SNP interaction analysis; SNP, Single Nucleotide Poly-
morphism; UTR, Untranslated region.
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replicated in the EGEA study and reached statistical signifi-
cance in the combined analysis (pSLSJ=0.05, pEGEA=0.04, and 
pcombined=  0.004). Two SNPs in the MMP2 gene were associated 
with asthma in the SLSJ study (rs17301608 [pSLSJ=0.009] and 
rs9302671 [pSLSJ=0.01]), showed a replication in EGEA near the 
significance threshold (pEGEA=0.05 and pEGEA=0.07), and 
reached statistical significance in the combined analysis. This 
was observed as the same risk allele was associated in both 
studies (pcombined=0.002 and pcombined=0.003). 

Three SNP×SNP interactions met the threshold of 5×10-4 in 
SLSJ and were tested for replication in EGEA (Table). All three 
reached statistical significance in the combined analysis after 
correction for multiple testing, however, none could be replicat-
ed in the EGEA study. The interaction between IL1R1*rs10208708 
and IL1RAP*rs2241343 was associated with atopy (pcombined=  
5.4×10-5), the interaction between BACE1*rs551662 and 
IL1RAP*rs997534 with asthma, and the interaction between 
BACE1*rs676134 and IL1RAP*rs3773976 with allergic asthma 
(pcombined=0.01 and pcombined=0.005, respectively).  

DISCUSSION

The association between IL1 and asthma has been inconsis-
tent between studies.8 A meta-analysis revealed that there is no 
clear association between IL1 and asthma but shows an associ-
ation the between the IL1RA (receptor antagonist) and an in-
creased risk for the disease.8 The decoy receptor IL-1R2 has also 
been associated with asthma-related phenotypes3,4 and is in-
volved in a decrease of inflammation in several complex dis-
eases, such as arthritis, endometriosis, diabetes, atherosclero-
sis, Alzheimer’s disease (AD), and ulcerative colitis.9 However, 
the distinct role of IL-1R2, especially in asthma and allergy re-
mains unknown.

In this study, associations were found in the single SNP analy-
ses for IL1R1, BACE2, MMP2, and two SNPs associated with the 
MMP2 gene (which was associated with asthma in an Indian 
population)16 survived statistical correction in the combined 
analysis. As IL-1R2 is a negative regulator of the IL-1 signalisa-
tion, IL-1R1 is its direct competitor for the binding of IL-1.6 The 
two other associated genes, BACE2 and MMP2, are known to 
modulate the quantity of sIL-1R2 via cleavage.6, 17 Interestingly, 
sIL-1R2 seems to have a more durable interaction with IL-1β 
compared to the membrane-bound IL-1R2 and can also bind 
pro-IL-1β, being highly efficient in IL-1 sequestration.9 IL-1 is 
primarily involved in the initiation of the innate immune re-
sponse, as well as Th17 and nonconventional Th1 cell respons-
es. Therefore,  mutations in the genes that encode its principal 
receptor and two enzymes that participate to the solubilisation 
of the decoy receptor (i.e., IL-1R2) may influence the immune 
response in asthma and atopy. As reported by Vasilyev and col-
leagues, SNPs in IL1R1 and IL1R2 modulate the level of the sol-
uble form of these receptors on immunocompetent cells.18 

Thus, it can be assumed  that the associated SNPs in this study 
can also modulate the expression of these genes and subse-
quently affect the levels of IL-1R1 and IL-1R2.

The strongest gene-gene statistical interaction observed was 
between the IL1RAP and IL1R1 genes, and has the most biolog-
ical relevance. These genes encode proteins that are associated 
with the regulation of the IL-1 receptor and the functionality of 
IL-1.6 Indeed, IL-1R1 and IL-1RAP have been shown to form a 
protein complex with IL-1. Furthermore, the interplay between 
these proteins may serve to unbalance the interaction between 
IL-1 and its signaling receptor (IL-1R1 and IL-1RAP) and its de-
coy receptor complex (IL-1R2 and IL-1RAP). This imbalance 
may have an important impact on the multiple roles of IL-1 in 
inflammation and potentially in asthma and atopy.

The interactions found between BACE1 and IL1RAP in asth-
ma and allergic asthma is also of interest. BACE1 is known for 
its role in AD19 and has not been reported in relation to asthma 
or allergy to date. As BACE1 is involved in the inflammatory 
processes in AD through its modulation of IL-1B via a β-amyloid 
precursor protein,20 the same type of interaction may occur in 
asthma between BACE1 and IL-1B through IL-1RAP. Indeed, 
since BACE1 cleaves IL-1R217 and subsequently changes the 
proportion of membrane-bound and soluble forms of the re-
ceptor, the increase of sIL-1R2 may increase the competition 
with IL-1RAP for binding with IL-1β. 

The association between the genes involved in IL-1R2 activi-
ties and asthma phenotypes have been demonstrated in this 
work. The power of the present study was sufficient to detect 
associations with the threshold of P≤0.05 for SNPs with small 
to moderate effects and maf ≥0.2 in the SLSJ discovery study. 
As the size effect of SNPs in complex traits is usually small, the 
power of the study surely impacts the results for the few SNPs 
with a lower maf (70% of the SNPs tested have maf ≥0.2) and 
may lead to missing some other associations between these 
genes and asthma or atopy. However, genes involved in IL-1R2 
activity were chosen based on strong evidence of its role in 
asthma and asthma-related phenotypes. Moreover, the investi-
gation of candidate genes was selected on the basis of their bio-
logical interactions with IL-1R2 and should reduce the number 
of false-positive findings.21 

In conclusion, we suggest for the first time, that associations 
exist between BACE2 and MMP2 with allergic asthma and a 
potentially important SNP×SNP interaction between IL1RAP 
and IL1R1. While this genetic study does not claim to demon-
strate a direct effect of these genes and SNPs on the pathophys-
iology of asthma, it provides a strong basis for functional stud-
ies. It will certainly achieve further fine-mapping and sequenc-
ing approaches to fully characterize the molecular structure of 
the genes that were associated in this study and to identify any 
causal variants. Our study highlights the possible role of genes 
modulating IL-1R2 activities in the pathophysiology of asthma, 
as well as asthma-related phenotypes.
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