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Asthma is a heterogeneous clinical syndrome that includes
subtypes of disease with different underlying causes and disease
mechanisms. Asthma is caused by a complex interaction
between genes and environmental exposures; early-life
exposures in particular play an important role. Asthma is also
heritable, and a number of susceptibility variants have been
discovered in genome-wide association studies, although the
known risk alleles explain only a small proportion of the
heritability. In this review, we present evidence supporting the
hypothesis that focusing on more specific asthma phenotypes,
such as childhood asthma with severe exacerbations, and on
relevant exposures that are involved in gene-environment
interactions (GEIs), such as rhinovirus infections, will improve
detection of asthma genes and our understanding of the
underlying mechanisms. We will discuss the challenges of
considering GEIs and the advantages of studying responses to
asthma-associated exposures in clinical birth cohorts, as well as
in cell models of GEIs, to dissect the context-specific nature of
genotypic risks, to prioritize variants in genome-wide
association studies, and to identify pathways involved in
pathogenesis in subgroups of patients. We propose that such
approaches, in spite of their many challenges, present great
opportunities for better understanding of asthma pathogenesis
and heterogeneity and, ultimately, for improving prevention and
treatment of disease. (J Allergy Clin Immunol 2016;137:667-79.)
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Asthma is a commonandcomplexdisorder that showssignificant
heterogeneity with respect to age of onset, clinical course, and
response to therapeutics, aswell as a unique age-by-sex interaction,
with many more boys diagnosed before puberty but increased
incidence and prevalence of diagnosis in girls after puberty and
throughout adult life.1 This clinical heterogeneity likely reflects the
presence of several disease endotypes (or subtypes of disease
defined by a distinct functional or pathobiological mechanism).2

Among the many epidemiologic risk factors for asthma, maternal
asthma remains among the most significant predictors of
childhood-onset asthma.3 In contrast, growing up on a farm in
central Europe provides strong protection against the development
of asthma.4 Many other early-life exposures, including viral respi-
ratory tract infections, the composition of the infant’s gut5-7 and
airway8 microbiome, intrauterine smoke exposure,9 and maternal
diet during pregnancy,10-12 are also associated with risk of asthma.
These combined data highlight the important role of environmental
exposures on the development of asthma, which is consistent with
the observed doubling in prevalence of asthma and allergic diseases
in westernized countries over the past 50 years,13 and further
suggest that individual risk trajectories are set early and that the
critical window of susceptibility might begin in utero and extend
to no more than the first few years of life.
In addition to the many environmental exposures implicated in

asthma risk,14 twin and family studies suggest that genetic varia-
tion also plays an important role. For example, a recent
meta-analysis of 71 twin studies comprising 36,903 twin pairs
estimated the heritability of asthma to be 0.54 (SE, 0.048).15

Heritability estimates are also higher among boys compared
with girls15 and in those with early-onset compared with
later-onset asthma.16 Interestingly, despite the dramatic increase
in asthma prevalence attributed to environmental factors,
increases in heritability estimates over time have also been
reported.17 Such increases could be due to changes in the
prevalence of environmental factors that increase the penetrance
of asthma susceptibility genotypes and manifest their effects
through gene-environment interactions (GEIs).
Consistent with estimates of heritability, genome-wide

association studies (GWASs) have identified 15 to 20 asthma
risk loci that meet stringent thresholds of statistical significance
(typically P < 1028) and replicate across several studies. These
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loci include genes previously implicated in asthma because of
their role in immune and allergy (TH2) pathways (eg, HLA, IL13,
IL33, thymic stromal lymphopoietin [TSLP], and IL-1 receptor–
like 1 [IL1RL1], which encodes ST2, the receptor for IL-33), tran-
scription factors in many of the known immune pathways associ-
ated with asthma (eg, RAR-related orphan receptor A [RORA],
SMAD family member 3 [SMAD3], and GATA3), and novel
loci (eg, cadherin-related family member 3 [CDHR3] and the
17q12-21 locus encoding ORM1-like 3 [ORMDL3] and gaster-
min B [GSDMB], among other genes). Yet despite the many suc-
cesses of GWASs, the contributions of individual variants to
asthma risk are quite small (odds ratios [ORs] of around <_1.2),
and the combined effect of these loci account for very little of
the overall genetic risk for asthma.18 This so-called ‘‘missing her-
itability’’ has been observed for most complex diseases, andmany
explanations have been put forth.19,20 Although rare variants,
which are typically not well interrogated inGWASs, can influence
responses to albuterol21 or long-acting b-agonists,22 a large
genome-wide study of low-frequency and rare exonic variants
in asthma concluded that variants in this frequency range are
Y
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ish to acknowledge Daniel Searing, MD, for preparing this glo
unlikely to account for a significant proportion of asthma herita-
bility.23 Rather, we suggest that the discovery of additional risk
alleles or those with larger effect sizes has been particularly
limited both by the extreme clinical heterogeneity of asthma
that is rarely accounted for in the large samples required for
GWASs and by our inability to incorporate into GWASs
asthma-associated environmental exposures, especially those
that occur during critical early-life developmental windows.
In this review we present evidence supporting the hypothesis

that focusing on more homogeneous subgroups of asthmatic
patients and on relevant exposures involved in GEIs will lead to
both the discovery of novel loci and a better understanding of the
mechanisms underlying previously discovered asthma genes. In
addition, we will discuss the challenges of GEI studies and the
advantages of cell models of GEIs for identifying asthma risk loci
and the insights that those studies provide into asthma pathogen-
esis in subgroups of patients. Although we acknowledge the
critical role that animal models play in dissecting mechanistic
pathways of asthma pathogenesis, a thorough assessment of those
models and approaches to asthma gene discovery is beyond the
scope of this review, which focuses primarily on human studies.
CHALLENGES OF GEI STUDIES
There are 2 inherent challenges in studies of GEIs. First,

unbiased genome-wide studies of interactions, referred to as
genome-wide interaction studies (GWISs), require very large
sample sizes of at least several thousand cases and control
subjects, assuming the most favorable models.24 Whereas
GWASs test for association between genotype at each single
nucleotide polymorphism (SNP) across the genome with asthma
(or other outcome variable), GWISs test for interaction effects
between each SNP and a specific exposure on asthma risk (or
other outcome variable). Thus, GWISs require even larger sample
sizes than GWASs to achieve equivalent power. Unfortunately,
most of the large asthma samples assembled for GWASs have
limited, if any, information on relevant environmental exposures,
with a few exceptions, as discussed below.
Second, exposures are often highly correlated, making it

difficult to disentangle the effects of each. This is true for both
lifestyle and demographic factors, such as cigarette smoking,
activity levels, socioeconomic status and educational levels, and a
MICROBIAL DIVERSITY: A term used to describe bacterial community
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host of other risk factors for many common diseases, as well as for
more general environments, such as growing up on a farm, which
captures a complex set of exposures that differ between farm and
nonfarm children.
The few GWISs of asthma that have been performed have been

generally disappointing, despite sample sizes of more than 1700
children in a study of farm exposures,25 more than 2500 male and
more than 2500 female subjects in a study of sex-specific
effects,26 and more than 6000 children in a study of in utero
and early-life tobacco smoke exposure.27 None of the discovered
associations in these 3 relatively large studies met genome-wide
criteria for statistical significance, although some interesting
candidates were identified and some were replicated within
each study. Notably, though, none of variants associated with
asthma in GWASs were among the SNPs identified in GWISs,
although most SNPs involved in GEIs would not be expected to
be significant at the stringent thresholds used in a GWAS because
the genotype effects would only be present in the subset of
exposed subjects.
However, these studies illustrate general principles that can

inform future GEI studies. For example, the most significant
association in a sex GWIS in European American subjects in the
EVE Consortium was a SNP (rs2549003) near the interferon
regulatory factor 1 (IRF1) gene, which was associated with asthma
in male (OR, 1.3; 95% CI, 1.18-1.49) but not female (OR, 0.92;
95% CI, 0.82-1.02) subjects.26 A SNP in perfect linkage disequi-
librium with this IRF1 SNP was associated with asthma in the
large independent GABRIEL GWAS at a P value of .0086, which
did not meet genome-wide levels of significance in the GWAS,
consistent with a variant that is associated with asthma in only
one sex. In fact, it is likely that many SNPs involved in GEIs
will show small but not genome-wide significant P values in large
GWASs and meta-analyses of GWASs of asthma, and these ‘‘mid-
hanging fruit’’28 might serve as excellent candidates for future
studies of GEIs. Finally, the IRF1 SNP that was associated with
asthma in male subjects only or SNPs in strong linkage disequilib-
rium with the male-associated asthma SNP were reported in previ-
ous studies to be cis expression quantitative trait loci (eQTLs) for
the IRF1 gene in lymphoblastoid cell lines and sputum and for the
nearby genes (RAD50; solute carrier family 22, member 4
[SLC22A4]; and solute carrier family 22, member 5 [SLC22A5])
in lung tissue and lymphoblastoid cell lines (RAD50) ormonocytes
(SLC22A4 and SLC22A5, see Myers et al26 and the citations
therein). These data further suggest that SNPs involved in GEIs
are likely to be regulatory in nature, as has been shown in model
organisms,29 and that the same SNP can be an eQTL for different
genes in different tissues.
CANDIDATE GEIs IN ASTHMA
An alternative approach that circumvents the power issues

related to genome-wide studies is focusing on candidate
genes. Candidate GEI studies have included genes with
known roles in immune response to relevant environmental
exposures, as well as genes that were identified in GWASs of
asthma. Although this approach is limited by our current
knowledge and will not detect new genes, it can be quite
useful in helping us understand some of the complexities of
asthma, defining more homogeneous subgroups of asthmatic
subjects, and revealing underlying mechanisms for associa-
tions with asthma. As examples of candidate GEIs, we focus
the discussion below on a major epidemiologic risk factor for
asthma: exposures to microbes (respiratory viruses and
bacteria).30-32
The 17q asthma locus and viral wheezing illness in

childhood
Wheezing illness with viral respiratory tract infections in

infancy and early childhood is a significant risk factor for the
eventual diagnosis of asthma by school age,33 and in many
children asthma debuts in the first few years of life in the form
of respiratory virus–associated wheezing illness.34 For example,
moderate-to-severe wheezing illness with respiratory syncytial
virus (RSV) or rhinovirus in the first 3 years was associated
with risk for asthma by age 6 years, with ORs of 2.6 (95% CI,
1.0-6.3) and 9.8 (95% CI, 4.3-22.0), respectively, in the Child-
hood Origins of Asthma (COAST) birth cohort of high-risk
children.33 In COAST children a SNP at the most significant
and highly replicated asthma locus on chromosome 17q12-21
(rs7216389) was associated with asthma by age 6 years, with an
OR of 2.3 (95% CI, 1.0-5.2).35 Earlier studies showed that varia-
tion at the 17q locus was associated primarily with early onset
asthma18,36,37 and that the risk was increased among children
exposed to cigarette smoke38,39 and with viral wheezing illness40

in early life. Our groups asked specifically whether the genotype
at this locus was associated with RSV- or rhinovirus-associated
wheezing illness and whether there was an interaction effect be-
tween viral wheezing illness in the first 3 years and genotype on
risk for childhood-onset asthma.35

Surprisingly, in the COAST children the 17q genotype at
rs7216389 was associated with both the occurrence and number
of rhinovirus-associated wheezing illnesses (P5 .01 andP <.001,
respectively) but not with RSV-associated wheezing illnesses
(P5 .22 and P5 .54, respectively), suggesting that the genotype
at this locus was specifically involved in response to rhinovirus or
non-RSV viral infection. Additionally, significant interaction
effects between rhinovirus-associated wheezing illness and
rs7216389 genotype on asthma risk were observed whereby the
genotype-specific risk for asthma was present only in the children
who experienced a rhinovirus-associated wheezing illness; there
was no association with this genotype in the children who did
not wheeze with rhinovirus infection (Fig 1, A).35 The OR for
asthma among COAST children who wheezed with rhinovirus
in early life and had the TT genotype was 26.1 (95% CI, 5.1-
133.0) compared with that for children with neither, and the
same pattern of interaction was present in another high-risk birth
cohort, the Copenhagen Prospective Studies on Asthma in Child-
hood–2000 cohort (COPSAC2000; Fig 1, B).

This finding is remarkable in several respects. First, despite a
highly significant main effect on asthma risk in nearly every
GWAS of asthma, the association with the 17q locus was present
only in children with rhinovirus-associated wheezing illness in
early life in 2 independent birth cohorts. This seemingly para-
doxical finding can be explained by the ubiquitous nature of
rhinovirus infection (ie, all children are exposed) and the fact that
the associated alleles at this locus have frequencies of between
30% and 50% in nearly all populations. Thus this is likely an
exceptional example of an interaction in which both the exposure
and associated allele are very common in the population. It is still
unclear whether this interaction reflects a causal role of rhinovirus
in asthma development so that prevention of rhinovirus infections



FIG 1. Interaction effects of the 17q genotype and wheezing on asthma risk in 3 birth cohorts. In all cohorts

there is more asthma among children who wheezed in early life (red lines) compared with children who did

not wheeze in early life (blue lines), and the associations with 17q genotype are only evident among the

children who wheezed. In all cohorts the prevalence of asthma at age 6 years is more than 3-fold higher

among TT children who wheezed compared with children who did not wheeze. The dashed line shows

the overall prevalence of asthma in each population. Note the different y-axis scales in each panel. A and

B, Stratified by rhinovirus-associated wheezing illness in the first 3 years of life. Modified from Calışkan

et al.35 C, Stratified by wheezing illness in the first year of life. Modified from Loss et al.41
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in early life would reduce the risk of asthma in children with the
17q risk variants or whether early rhinovirus infections only
unmask an underlying asthma propensity with no direct effect on
asthma risk. Future studies will also need to address whether this
interaction is specific for rhinovirus compared with other,
non-RSV respiratory tract viruses because the association
between early respiratory tract infections and later asthma might
be a general phenomenon for many viruses.42 Nevertheless, this
study demonstrates the dramatic effect conditioning on a known
risk factor (rhinovirus-associated wheezing illness) can have on
genotype-specific effect sizes and illustrates how GEI studies in
birth cohorts with longitudinal and extensive assessments of
environmental exposures can shed light on pathogenic mecha-
nisms of asthma genes.
The children included in this study were ascertained based on

having a parent with asthma or allergy (COAST) or a mother with
asthma (COPSAC), and therefore it could not be determined
whether this interaction is also present in other unselected
populations. Indeed, a recent GEI study from the Protection
against Allergy Study in Rural Environments (PASTURE) cohort
reported similar interaction effects between SNPs at the 17q21
locus and early-life wheezing illness on subsequent development
of asthma.41 As in the COAST and COPSAC cohorts, the
genotype-specific risks for asthma were present only among the
children who wheezed in early life (Fig 1, C).41 Moreover, they
reported additional interactions with both risk (presence of older
siblings) and protective (exposure to animal sheds) environmental
exposures. In particular, they found that the presence of older sib-
lings increased the risk of wheeze and that exposure to animal
sheds decreased the risk of wheeze in the first year of life only
in children carrying the risk allele (A) at the SNP rs8076131,
which is in strong linkage disequilibriumwith rs7216389 (P value
for genotype-by-exposure interactions with older siblings and
animal sheds5 .003 and .002, respectively).41 Although specific
viral infections were not assessed directly in the study by Loss
et al,41 the presence of older siblings is generally thought to in-
crease the risk of early wheeze through increased exposure to
viral infections. Overall, this study extends our previous findings
to a population-based (unselected) cohort of children and
potentially to viruses other than rhinovirus. Importantly, the study
by Loss et al now implicates an additional level of interaction with
exposures related to animal sheds that harbor high levels of
bacteria and fungi and confer protection against the development
of asthma only in children with the high-risk (asthma-associated)
genotype at the 17q21 locus.
The CDHR3 locus and rhinovirus C infection
A recent GWAS focused on a more specific asthma phenotype

characterized by recurrent episodes of severe exacerbations
requiring hospitalization between 2 and 6 years of age.43 This
study addressed the hypothesis that children with a more severe
phenotype represent specific endotypes of asthma and therefore
more homogeneous underlying disease mechanisms. As a result,
GWASs in these children should provide stronger evidence for ge-
netic association and potentially identify novel loci that confer
risk for this more severe phenotype. Indeed, despite the relatively
small sample size (1173 cases and 2522 control subjects)
compared with other asthma GWASs, this GWAS of recurrent
asthma exacerbations in childhood yielded association P values
similar to those of previous GWASs in much larger samples18,44

and with considerably larger effects sizes (Table I). This was
particularly evident for the children with the largest number of ex-
acerbations (Table I, last column).18,43,44



TABLE I. Association results from 3 large GWASs of asthma: EVE,44 GABRIEL,18 and COPSACExacerbation
43

EVE* GABRIELy

COPSACExacerbationz

Total

6 or more

exacerbations

No. of cases 5,449 10,365 1,173 358

No. of control subjects 3,385 16,110 2,522 2,522

Locus Gene SNP/effect allele OR (P value) OR (P value) OR (P value) OR (P value)

Top loci in COPSACExacerbation�
17q12 GSDMB rs2305480/G 1.26 (1.3E-13) 1.18 (9.6E-08) 2.28 (1.3E-48) 2.72 (3.5E-27)

9p24.1 IL33 rs928413/G NA 1.20 (9.2E-10) 1.50 (4.2E-13) 1.91 (6.2E-14)

5q31.1 RAD50 rs6871536/C 1.11 (.06) 1.14 (1.9E-08) 1.44 (1.8E-09) 1.58 (1.3E-06)

2q12.1 IL1RL1 rs1558641/G 1.24 (1.2E-04) 1.12 (3.6E-05) 1.56 (6.6E-09) 2.19 (3.2E-08)

7q22.3 CDHR3 rs6967330/A NA 1.12 (5.9E-04) 1.45 (1.4E-08) 1.63 (1.6E-06)

Top loci in GABRIEL�
6p21.3 HLA-DQB1 rs9273349/C NA 1.18 (7.0E-14) NA NA

2q12.1 IL18R1 rs3771166/G 1.09 (1.3E-06) 1.15 (3.5E-12) 1.22 (2.8E-04) 1.32 (6.3E-04)

9p24.1 IL33 rs1342326/C 1.19 (4.0E-04) 1.20 (8.7E-12) 1.53 (1.1E-10) 1.77 (2.1E-09)

15q22.33 SMAD3 rs744910/G 1.11 (3.7E-03) 1.12 (3.9E-09) 1.18 (.002) 1.32 (9.5E-04)

22q12.3 IL2RB rs2284033/G 1.05 (.06) 1.12 (1.2E-08) NA NA

17q12 GSDMB rs2305480/G 1.26 (1.3E-13) 1.18 (9.6E-08) 2.28 (1.3E-48) 2.72 (3.5E-27)

17q21.1 GSDMA rs3894194/A 1.10 (1.9E-07) 1.17 (4.6E-09) 1.59 (2.6E-21) 1.82 (3.5E-15)

Top loci in EVE*

17q12 GSDMB rs11078927/T 1.27 (1.2E-14) 1.18 (9.6E-08) 2.35 (7.6E-57) 2.90 (1.6E-35)

5q22.1 TSLP rs1837253/C 1.19 (7.3E-10) 1.15 (3.3E-05) 1.22 (8.8E-04) 1.33 (.002)

2q12.1 IL1RL1 rs10173081/ 1.20 (1.4E-08) 1.22 (1.0E-10) 1.54 (1.8E-07) 2.16 (4.8E-08)

9p24.1 IL33 rs2381416/A 1.18 (2.5E-07) 1.19 (1.1E-07) 1.50 (1.1E-13) 1.84 (1.3E-13)

Of these 3 cohorts, COPSACExacerbation studied a specific phenotype of childhood asthma with severe recurrent exacerbations, whereas the EVE and GABRIEL studies included

more heterogeneous asthma populations. Effect sizes (ORs) were consistently larger in the COPSACExacerbation study, and particularly for children with the largest number of

exacerbations (last 2 columns in the table). The genome-wide significant loci from each study are shown with mutual replication in the other studies. Replication results were

obtained by looking up the associated SNP or one with LD R2 > 0.8 with the associated SNP, either from actual genotyped or imputed data.

GSDMB, Gastermin B; IL1RL1, IL-1 receptor–like 1; NA, no genotyped, imputed SNP, or tagging SNP was available for replication; SMAD3, SMAD family member 3; TSLP,

thymic stromal lymphopoietin.

*Torgerson at al.44

�Moffatt et al.18

�Bønnelykke et al.43
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Associations that met the criteria for genome-wide significance
were mainly known asthma loci, with the17q locus as the most
significant, but also included one novel susceptibility locus at the
CDHR3 gene. CDHR3 is a transmembrane protein and is highly
expressed in the human lung and airway epithelium.43,45,46 Its
cellular mechanism is unknown, but it belongs to the cadherin
family of proteins, which are involved in homologous cell adhe-
sion and several cellular processes, including epithelial polarity
and differentiation.47 The most associated variant at this locus
was a nonsynonymous SNP (rs6967330) that results in an amino
acid change in an interdomain area of the protein, where it could
potentially affect protein structure through interference with a di-
sulfide bridge. In support of this, the investigators showed that
experimental introduction of the risk variant by means of muta-
genesis was associated with increased surface expression of
CDHR3.
More recently, it was reported that CDHR3 functions as a

receptor for rhinovirus C (RV-C).48 CDHR3was differentially ex-
pressed in epithelial cells susceptible to RV-C infection compared
with unsusceptible cells, and its expression on epithelial cells
enabled RV-C binding and replication. Importantly, introduction
of the risk variant at rs6967330 by means of transfection resulted
in 10-fold increased RV-C binding and progeny yield compared
with the nonrisk variant. These combined data provide strong
evidence that CDHR3 is an RV-C receptor and that the asthma as-
sociation signal with a SNP in theCDHR3 gene might result from
increased susceptibility to RV-C infections. This finding is in line
with the exacerbation-related phenotype from the discovery
GWAS because RV-C has been reported to be the most common
viral trigger of severe asthma exacerbations in children49,50,51 and
associated with both more severe disease50 and higher rates of
hospital readmissions compared with other viral respiratory tract
infections.49 If correct, this would indicate that the CDHR3
variant confers risk to severe childhood asthma through an inter-
action with RV-C infection, and stronger effect sizes for this risk
variant would be expected for RV-C-associated respiratory illness
compared with illnesses triggered by other viruses, a hypothesis
that is currently being tested. It is notable that the CDHR3 locus
was not identified among genome-wide significant SNPs in any
GWAS that included all asthmatic patients or even those
including only patients with childhood-onset asthma. Only by
focusing on childrenwith the extreme phenotype of severe asthma
did the evidence for association at this locus rise to genome-wide
levels of significance (Table I), demonstrating that performing
GWASs on more specific phenotypes can both increase power
to detect novel asthma loci and yield greater effect sizes for
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known variants. Finally, these studies highlight the importance of
combining GWAS results with experimental studies on environ-
mental exposures to gain insight into the causal mechanisms of
asthma.
Microbial exposures and innate immune genes
The general reduction of exposure to microbes in ‘‘westernized

societies’’ is a likely contributor to the increasing prevalence of
asthma, allergy, and potentially other immune-mediated
diseases.52 In particular, exposure to a farming environment re-
mains one of the strongest protective factors against the develop-
ment of asthma and allergy, particularly if exposure takes places
in utero or in the first year of life.4 The causal factors behind this
association are not fully understood but are thought to reflect
exposures to microbial products, possibly those related to the
ingestion of raw milk and inhalation of microbial components
in dust, such as endotoxin (or LPS, a component of the cell
wall in gram-negative bacteria). In fact, endotoxin levels in house
dust have also been inversely associated with asthma and allergy
prevalence in nonfarming environments.53,54

Endotoxin signals through a complex receptor that includes
CD14. The first and still most replicated GEI in patients with
asthma or allergic disease involves a polymorphism in the
promoter of the CD14 gene (rs2569190; 2159/C/T). This
SNP was associated with serum levels of CD14,55 suggesting
that it regulates expression of the CD14 gene. Studies of interac-
tion effects between this SNP and endotoxin levels on risk for
asthma, atopy (specific IgE or skin test), and eczema have yielded
remarkably consistent findings in which the T allele is associated
with risk for disease only in children with high levels of exposure,
but the C allele is associated with disease risk in children with low
levels of exposure.54,56-58 SNPs involved in this ‘‘flip-flop’’ type
of GEI, in which alleles have opposite effects on risk in different
environments, might not be common but would nevertheless be
impossible to discover in a GWAS that includes subjects with
the full exposure spectrum. Such cryptic confounding would
mask this association regardless of sample size or frequency of
the associated allele. Moreover, these studies demonstrate the
complexity of GEIs in patients with asthma and allergic disease.
Even for this single SNP in a gene with a well-defined immune
function, GEI effects vary based not just on exposure levels but
also on age at exposure, type of microbial exposure,57 and the spe-
cific disease phenotype (eg, atopic asthma versus nonatopic
wheeze).53,54 Exploring such complex interactions requires
extensive clinical studies with longitudinal information on both
environmental exposures and disease phenotypes in early life.
In the recent study in the PASTURE cohort described above,41

the authors showed that children carrying the risk allele at the
17q21 locus were both more susceptible to exposure to older
siblings and more responsive to the protective effect of animal
shed exposure on wheeze in the first year of life. This unexpected
interaction between the 17q21 locus and animal shed exposures
(likely to bacteria and fungi) demonstrates how carefully
designed longitudinal studies of environmental exposures and
clinical phenotypes can elucidate novel disease mechanisms
and GEIs. In fact, because this interaction was not found in the
previous GWIS performed in the same population but using
later-onset asthma as the outcome,25 the authors suggest that
the interaction with the 17q21 locus highlights the importance
of GEI studies focused on early-life events.
Other interactions between microbial/farming exposures and
innate immune genes have been reported. These include one SNP
in the Toll-like receptor 2 gene (TLR2/216934) that was associ-
ated with asthma, allergic sensitization, and hay fever in farmers’
children but not in nonfarmers’ children59 and one SNP in the
intracellular pattern recognition receptor caspase recruitment
domain protein 4 gene (CARD4/221596).60 For both of these
examples, associations were observed only in children raised on
a farm. Overall, these studies highlight the importance of interac-
tions between genetic variation in innate immune genes and
early-life exposures to microbes on subsequent risk for asthma
and allergic disease, although no studies to date have identified
the specific microbes or microbial communities associated with
genotype-specific risk or protection in subjects.
A recent study investigated the potentially protective effect of

endotoxin and farm dust exposure in a mouse model of house dust
mite–sensitized asthma to better understand the mechanism for
the farming effect.61 They reported that exposure to endotoxin
protected against many of the clinical features of asthma,
including house dust mite sensitization, airway eosinophilia,
and bronchial hyperreactivity. Moreover, airway epithelial cells
from exposed mice produced fewer cytokines that specifically re-
cruit dendritic cells to the lungs. Because of the known role that
the A20 protein plays in innate immune response to house dust
mites,62 the authors tested the mediating role of this protein by
knocking out the gene encoding A20, called TNF-a–induced
protein 3 (Tnfaip3), in lung epithelial cells. They found that
A20 was an important mediator of the protective effects of
endotoxin exposure and validated this finding in human bronchial
epithelial cells by showing reduced expression of A20 in cells
from asthmatic patients compared with cells from nonasthmatic
subjects. Furthermore, a potential modifying effect of A20 was
investigated by a ‘‘look-up’’ of 2 SNPs located in or near the
human TNF-a–induced protein 3 (TNFAIP3) gene by using
data from the earlier GWIS of farming effects on asthma in the
PASTURE cohort.25 One of these SNPs (a nonsynonymous
variant previously associated with autoimmune disease63) was
modestly associated with asthma in this sample (P 5 .03) and
modified the protective farming effect, as evidenced by a stronger
genotype-specific effect in children with the nonrisk allele
compared with children without the risk allele (OR, 0.14 vs
0.73; P 5 .03 for interaction). This potential GEI needs to be
replicated in additional studies but represents an exciting
discovery on a potential mechanism for the protective effect of
exposure to microbes. Moreover, this study exemplifies how
mechanistic studies targeting specific environmental exposures
and the use of mouse models can facilitate identification of genes
involved in GEIs that were not identified by using genome-wide
approaches (eg, the GWIS in this same population25).

Another important component of microbial exposure is the
nature of the commensal microbiomes that populate our bodies, in
particular the gut and airways. These communities are potentially
modifiable internal environments with putatively important
effects on early immune development, allergy, and asthma. For
example, the gut microbiome composition in early life has been
associated with development of allergic sensitization and
asthma,5-7 and the early airway microbiome might be associated
with the development of asthma.8 Few GEI studies have been
conducted considering the microbiome as a measure of exposure,
but in one study an interaction effect between colonization of a
specific bacteria, Escherichia coli, and a SNP in the Toll-like
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receptor 4 (TLR4) gene (rs10759932) on allergic sensitizationwas
reported.64 In this study E coli colonization was associated with
protection from allergic sensitization among infants with the
TT genotype (OR, 0.31; 95% CI, 0.14-0.68) but not in infants
with the C allele (interaction P 5 .001). Current studies using
high-throughput sequencing techniques capture a larger propor-
tion of themicrobial diversity and are poised to address the com-
plex relationship between host genotype, the gut and airway
microbiome communities, and asthma development. This chal-
lenging task will need cross-disciplinary expertise and resources,
including development of bioinformatics tools that can handle
multiple high-dimensional data sets, approaches for experimental
validation, and populations with early-life microbiome and clin-
ical assessments, GWASs, and potentially other omics data. The
integration of the microbiome with host genetics is perhaps one
of the most formidable yet exciting challenges in the field today.

MOVING FORWARD IN THE POST-GWAS ERA
Two significant challenges in the post-GWAS era are assigning

function to variants that are associated with asthma or allergic
disease at genome-wide levels of significance and identifying the
true associations from among the thousands of SNPs with small P
values (eg, P < 1023) that do not reach genome-wide levels of
significance (P < 1028; ie, the ‘‘midhanging fruit’’28). Based on
data from more than a thousand GWASs of common diseases,65

it is now clear that more than 90% of significant GWAS SNPs
reside in noncoding (introns and intergenic) regions of the
genome66 and are enriched for variants that are associated with
gene expression (ie, eQTLs)67-71 and those that reside in regions
involved in gene regulation.72,73 Moreover, gene regulatory
architectures differ between tissues, and the enrichments for
regulatory variants among GWAS SNPs are more pronounced
in disease-relevant tissues.73,74

Finally, assigning an associated SNP to the gene it regulates is
not straightforward because assuming it is the nearest genewill be
correct only about 65% of the time.74 Thus focusing on SNPs with
known regulatory functions in asthma-relevant tissues and cell
types, in lieu of the millions of SNPs included in GWASs, would
both increase power to detect associations and provide immediate
intuition about function and the gene or genes regulated by the
associated SNP in relevant cell types. For example, Hao et al75

identified eQTLs in whole lung tissue and then integrated those
results with GWAS results from the GABRIEL study18 to identify
potentially causal variants at the 17q21 locus, as well as molecu-
lar pathways that might underlie asthma risk. Moreover, studying
responses to exposures associated with asthma or allergy risk in
cell models of GEIs will facilitate the dissection of the context-
specific nature of genotypic risks, the prioritization of variants
with small P values in GWASs that do not meet genome-wide
levels of significance, and the identification of pathways involved
in pathogenesis in subgroups of patients. In the following sections
we provide 2 examples that support these contentions and discuss
the lessons learned from those studies.

Transcriptional response of PBMCs to rhinovirus
Because of the important role that rhinovirus plays in both the

early inception of asthma and exacerbations of symptoms
throughout life,76-78 identifying the genetic variation that influ-
ences host response to rhinovirus could identify variants that
contribute to both risk for developing asthma and asthma severity.
A recent study by Calışkan et al79 addressed this by studying gene
expression in PBMCs from 98 subjects before and after rhinovirus
infection in vitro. In this model more than half of the nearly
11,000 genes detected as expressed in PBMCs were upregulated
(n 5 2242) or downregulated (n 5 3779) with rhinovirus
exposure.
Most of the genetic variation associated with gene expression

(eQTLs) was maintained between uninfected and rhinovirus-
infected PBMCs, in which 521 and 524 eQTLs, respectively, were
detected. However, a small set of SNPs were eQTLs in only one
condition (n5 25) or had different genotype-specific effect sizes
on gene expression between conditions (n5 13). These 38 SNPs
were referred to as response expression quantitative trait loci
(reQTLs) and included genes with important known roles in viral
function, such as 29,59-oligoadenylate synthetase 1 (OAS1) and
interferon regulatory factor 5 (IRF5). Publicly available data on
protein-binding sites revealed a 16-fold enrichment of signal
transducer and activator of transcription 2 (STAT2)–binding sites
near the 38 reQTLs compared with non-reQTLs (P < 1026). The
STAT2 gene itself was 3.7-fold upregulated in rhinovirus-treated
cells (P 5 1.8 3 10276), but the eQTL for this gene did not
show statistical evidence for an interaction (ie, being an reQTL).
Finally, the 38 reQTLs showed a modest enrichment for SNPs
associated with asthma in the Genetic Association Database,80

although this difference did not reach statistical significance
(7.89% of genes with reQTLs had been associated with asthma
compared with 3.76% of all genes detected as expressed,
P 5 .17). However, the studies in the Genetic Association Data-
base are quite heterogeneous with respect to sample composition
and evidence for association.
We reasoned that rhinovirus-responsive genes or those with

reQTLsmight bemore associated with asthma exacerbations than
with an asthma diagnosis per se. To explore this possibility, we
compared the list of rhinovirus-responsive genes in rhinovirus-
treated cells reported in the study by Calışkan et al79 described
above with genes that were differentially expressed in nasal
lavage samples collected from children during an acute asthma
exacerbation and then again 7 to 14 days later, as reported by
Bosco et al.81 We focused on one network from their weighted
gene coexpression network analysis that included STAT2 as a
hub (Fig 2)79,81 because of the enrichment for STAT2-binding
sites near reQTLs. Among the 71 genes in this network, 61
were detected as expressed in the study by Calışkan et al.79

Ninety-five percent (n 5 58) of those genes showed significant
expression changes in response to rhinovirus compared with
55.3% of all genes tested (P 5 .0038, Fisher exact test). Overall,
the overlapping genes had amedian 3.2-fold change in expression
response to rhinovirus (median P 5 3.4 3 10258). Moreover,
among the 61 genes in this network, 2 (3.3%), IRF5 and OAS1,
had reQTLs in the study by Calışkan et al79 compared with
0.035% of all genes tested (P 5 .026, Fisher exact test). These
data suggest that a significant proportion of the transcriptional
response in the airways of children with asthma during an
exacerbation can be attributed to rhinovirus or other viruses,
which is consistent with epidemiologic data, and further suggest
that genetic variation between subjects might contribute to a
portion of these responses.
The combined results from the studies by Calışkan et al79 and

Bosco et al81 demonstrate that cell models of GEIs capture
biologically relevant gene regulatory networks and can
identify genetic variants that modulate response to an important



FIG 2. Coexpression network analysis of genes differentially expressed in nasal lavage fluid in children

during an asthma exacerbation. This network includes 58 genes with eQTLs in rhinovirus-treated PBMCs,79

including STAT2 and IRF5 as hubs (shown as green symbols), supporting the hypothesis that genetic

variation in response to rhinovirus might modulate response to this virus and to asthma severity more

generally. Molecule shapes: oval 5 transcriptional regulator, diamond 5 enzyme, dashed line rectangle

5 channel, up triangle 5 phosphatase, down triangle 5 kinase, trapezoid 5 transporter, circle 5 other.

Modified from Bosco et al.81

J ALLERGY CLIN IMMUNOL

MARCH 2016

674 BØNNELYKKE AND OBER
asthma-associated exposure. Further studies are needed to deter-
mine whether the SNPs that are eQTLs or reQTLs in this model
are themselves associated with exacerbations or asthma severity.
Moreover, because the rhinovirus eQTL study was performed in
pooled cells and not isolated peripheral blood immune cells, it
is likely that both the number and effect sizes of eQTLs and
reQTLs were underestimated.
Epigenetic responses of airway epithelial cells to

IL-13
IL-13 is a TH2 cytokine that plays a central role in asthma

pathogenesis by mediating the effects of many asthma-
associated exposures, such as allergens, pollution, and viruses,
on airway inflammation and remodeling. Although the transcrip-
tional and downstream responses of airway epithelial cells to
IL-13 have been well characterized,82,83 little is known about
the gene regulatory mechanisms through which IL-13 mediates
its effects. A recent study addressed this by focusing on an
epigenetic mark of gene regulation, DNA methylation.84

Epigenetics refers to modifications of DNA molecules that do
not alter the sequence itself but rather alter the gene regulatory
landscape and ultimately the expression of nearby genes.
Importantly, DNA methylation levels change in response to
many environmental exposures, such as cigarette smoke and
pollution,85-87 and likely mediate many downstream effects of



TABLE II. Comethylation modules of correlated methylation

patterns at CpG sites in freshly isolated airway epithelial cells

and clinical phenotypes in asthmatic subjects

Clinical phenotypes

Phenotype-Module

Correlation P value

Module 1 Module 2

Asthma severity* 2.37 3 1025 .060

TH2 phenotype� .79 .54

Steroid resistance� 3.91 3 1025 .11

Inhaled corticosteroid use 1.04 3 1025 .044

Oral steroid use .050 .12

FEV1 (% predicted) 7.20 3 1025 .020

FENO .26 .24

IgE .0060 .12

Blood eosinophil count .26 1.04 3 1025

Bronchoalveolar lavage eosinophil count .39 1.26 3 1026

Atopy§ .0020 .025

Body mass index 3.21 3 1026 .15

Sex .87 .81

Current smoker .45 .57

The Bonferroni threshold for significance is .0036. Reprinted with permission from

Nicodemus-Johnson et al.84

FENO, Fraction of exhaled nitric oxide.

*Severity was defined by using stepwise classification of asthma per National Heart,

Lung, and Blood Institute guidelines (http://www.nhlbi.nih.gov/health-pro/guidelines/

current/asthma-guidelines).

�TH2 classifications were determined according to published guidelines.82

�Defined as an asthma severity score of greater than 4 or 6.

§One or more positive skin prick test responses.
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these exposures. Finally, DNA methylation levels at many CpG
sites vary between subjects, as a result of both individual exposure
histories and local genetic variation.88-94 Therefore epigenetic
modifications, including DNA methylation, likely play a central
role in mediating genotype-specific effects of environmental
exposures (ie, GEIs).
In their study, Nicodemus-Johnson et al84 asked 3 central ques-

tions: Does exposure to IL-13 alter DNA methylation patterns in
cultured airway epithelial cells? Do these changes alter specific
genes or pathways? Are IL-13–mediated changes in airway
epithelial cells mirrored in freshly isolated cells from asthmatic
and nonasthmatic subjects? To answer these questions, the inves-
tigators cultured freshly isolated airway epithelial cells from 57
donors in duplicate; 1 culture from each donor was treated with
IL-13, and 1 was treated with vehicle only (5% FBS). After just
24 hours in culture, more than 6000 CpG sites (2% of all interro-
gated sites) were differentially methylated between IL-13–treated
and IL-13–untreated cells, and 21% of 8000 differentially
expressed genes were near a differentially methylated CpG,
suggesting that a significant proportion of the IL-13 transcrip-
tional response is mediated by methylation changes at nearby
CpG sites. Further support of this was the observation that the
differentially expressed genes and differentially methylated
CpGs at these 1590 CpG-gene pairs were overall more correlated
compared with all other CpG-gene pairs. Moreover, the genes in
the differentially methylated and differentially expressed
CpG-gene pairs were enriched in many proinflammatory and pro-
fibrotic networks and for genes that were previously associated
with asthma, further suggesting the relevance of these epigenetic
changes to asthma. These studies answered the first 2 questions in
the affirmative: a single 24-hour exposure to IL-13 significantly
altered DNA methylation levels in airway epithelial cells, and
these changes were associated with both specific genes and
pathways previously implicated in asthma pathogenesis.
Studies were performed in freshly isolated airway epithelial

cells from 59 asthmatic and 27 nonasthmatic subjects to address
the third question and to validate their results ex vivo. Remark-
ably, more than a third of the IL-13–responsive CpGs in the
cell-culture studies were also differentially methylated in airway
cells from asthmatic and nonasthmatic subjects, 74% of which
showed the same direction of effect: CpGs that became more
methylated after IL-13 treatment were more methylated in the
asthmatic subjects, and CpGs that became less methylated after
IL-13 treatment were less methylated in the asthmatic subjects.
This overlap between the 2 studies was significantly higher than
expected by chance (P < 1025), validating the biological rele-
vance of the cell culture of the model and demonstrating the pres-
ence of the IL-13–mediated methylation signature in asthmatic
subjects.
Finally, to elucidate the clinical relevance of these findings,

weighted gene coexpression network analysis was used to cluster
CpG sites with correlated methylation patterns and then examine
associations between the clusters and clinical phenotypes. Over-
all, 86% of the CpG sites that were differentially methylated both
by IL-13 treatment in vitro and asthma status ex vivo clustered into
2 comethylation modules that were each correlated with distinct
phenotypes: module 1 was correlated with markers of severity,
and module 2 was correlated with eosinophilia (Table II).82,84

The genes near CpGs in module 1 are in networks associated
with genes involved in fibrosis, inflammation, and remodeling,
and genes near CpGs in module 2 are in networks centered on
IFN-g and nuclear factor of kappa light polypeptide gene
enhancer in B cells. An example of a network from each module
is shown in Fig 3.84

These studies indicate that exposure to the TH2 cytokine IL-13
elicits coordinated changes in methylation patterns in airway
epithelial cells that are correlated with different clinical pheno-
types that represent distinct components of asthma pathogenesis.
These studies highlight the importance of DNA methylation as a
mechanism for a significant proportion of the known IL-13 effects
on gene expression in the airways and likely the downstream
effects of IL-13 response to many important asthma-associated
exposures. Lastly, these data suggest that variation in DNA
methylation levels might underlie a significant amount of interin-
dividual differences in response to environmental exposures and
therefore to asthma onset and severity, as has been shown for
methylation levels in peripheral blood leukocytes and total serum
IgE levels.95 The contribution of genetic variation to these
differences is yet to be determined in airway epithelial cells,
but associations between genotype and methylation levels,
referred to as methylation QTLs, are abundant in whole lung
tissue and other cell types,88-94 and therefore are also likely to
be abundant in these cells as well.
SUMMARY AND CONCLUSIONS
Asthma is a heterogeneous disease associated with many

different causes and pathophysiologic pathways. In this review,
we have provided evidence for the important interplay between
genes and the environment in setting subjects on specific risk
trajectories early in life and the benefits of focusing genetic
studies on an extreme asthma subphenotype in early childhood.
Associations with the 20 or fewer risk loci identified by means of

http://www.nhlbi.nih.gov/health-pro/guidelines/current/asthma-guidelines
http://www.nhlbi.nih.gov/health-pro/guidelines/current/asthma-guidelines


FIG 3. Coexpression network analysis of genes near differentially methylated CpG dinucleotides in airway

epithelial cells from asthmatic and nonasthmatic subjects.84 Networks were generated by using Ingenuity

Pathway Analysis (IPA), as previously described.84 Genes near differentially methylated CpGs are shown

as yellow symbols; other genes are included to connect the network of differentially methylated CpGs. Mo-

lecular shapes (from IPA) were as follows: oval, transcriptional regulator; diamond, enzyme; dashed line

rectangle, channel; upward triangle, phosphatase; downward triangle, kinase; trapezoid, transporter; circle,

other. A, A network from module 1 that was associated with clinical markers of asthma severity. This

network is centered on extracellular signal-regulated kinase 1/2, which was not itself near a differentially

methylated CpG. B, A network from module 2 that was associated with eosinophilia. This network is

centered on IFN-g, which was near a differentially methylated CpG. Reprinted with permission of the

American Thoracic Society from Nicodemus-Johnson et al.84 Copyright �2016 American Thoracic Society.
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GWASs might be robust to environmental heterogeneity either
because the relevant environmental exposure is sufficiently
common among asthmatic subjects, as is the case with the 17q
interaction with rhinovirus-induced wheezing illness35 and ani-
mal shed exposure,41 or because the associated variants influence
asthma risk in the context of many different exposures. However,
it is quite likely that many asthma risk loci have been missed and
that ORs were underestimated in the large heterogeneous samples
included in GWASs. Indeed, only by focusing on an extreme
airway phenotype (exacerbations) in children was the association
discovered with a variant in CDHR3, a novel asthma susceptibil-
ity gene that functions as a receptor for RV-C in airway epithelial
cells.43 Based on these observations and other examples reviewed
above, we suggest that additional asthma susceptibility loci will
be discovered by studies of more homogeneous samples of asth-
matic subjects, either by focusing on extreme phenotypes or on
asthma-associated environmental exposures (ie, GEIs).
We further propose that cell models of GEIs provide a power

tool for identifying GEIs in controlled environments. This
approach has several advantages. First, cell models of GEI allow
the decoupling of effects of a single exposure from all other
correlated exposures and nongenetic factors that confound both
genome-wide and candidate gene studies of GEIs in populations.
Second, these studies can be performed in relevant cell types

and identify both genetic and epigenetic associations with
response to asthma-associated exposures. Because variants
involved in GEIs are likely to be regulatory in nature29 and
gene regulatory landscapes differ between cell types,73,74

focusing these studies on respiratory cells might identify GEIs
that are particularly relevant to asthma.
Third, studies of GEIs with asthma-associated exposures and

relevant cell types will identify SNPs for functional GWASs of
asthma, as well as sort through associations with small P values
that do not reach the criteria for genome-wide significance in
asthma GWASs.
Finally, identifying correlated modules of response to expo-

sures in relevant cells will identify pathways that contribute to
different arms of asthma pathogenesis and the genetic and
epigenetic variation that contributes to these responses.
In summary, we suggest that improved and more comprehen-

sive understanding of the genetic architecture of asthma will
require a combination of GWASs focusing onmore homogeneous
subtypes of disease, GEI studies in birth cohorts and cell models,
and ultimate integration with other types of omics data. In
particular, elucidating the gene regulatory architecture in
asthma-relevant cell types and in response to asthma-associated
exposures will both facilitate the discovery of additional asthma
risk alleles and provide biological insight into the mechanisms
through which host genotype modifies responses to asthma-
associated exposures. Such studies present great challenges but
also tremendous opportunities to understand asthma pathogenesis
and heterogeneity and ultimately to improve prevention and
treatment of disease.

We thank Minal Çalışkan, Jessie-Nicodemus, Johannes Waage, and

Anthony Bosco for helpful discussions of their data.
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