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1  |  INTRODUC TION

The traditional gene- environment interaction (GxE) concept is based 
on the hypothesis that a particular gene variant determines disease 
risk following environmental exposure. As such, investigation of GxE 
may provide insights into the gene regulatory framework in response 
to relevant environmental factors and novel asthma loci that would 
perhaps go unnoticed without investigating the role of interactions 
with the environment or other host factors.1 In addition, interaction 
studies may contribute to developing more accurate preventive and 

therapeutic strategies for the clinical management of asthma using 
precision- medicine approaches.

GxE studies have evolved from linkage screenings to candi-
date gene studies followed by genome- wide interaction studies, 
GWIS.2 Although hypothetically very attractive, with the central 
dogma that a combination of genes and environments determine 
your disease risk, surprisingly few convincing asthma examples that 
replicate across studies have been identified throughout the years, 
despite major efforts.3,4 One potential reason for this lack of robust 
GxE findings is that the numerous toxic effects from hundreds of 
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Abstract
Investigation of gene- environment interactions (GxE) may provide important insights 
into the gene regulatory framework in response to environmental factors of relevance 
for childhood asthma. Over the years, different methodological strategies have been 
applied, more recently using genome- wide approaches. The best example to date is 
the major asthma locus on the 17q12- 21 chromosome region, viral infections, and 
airway epithelium processes where recent studies have shed much light on mecha-
nisms in childhood asthma. However, there are challenges with the traditional single 
variant— single exposure interaction models, as they do not encompass the complexity 
and cumulative effects of multiple exposures or multiple genetic variants. As such, 
we need to redefine our traditional GxE thinking, and we propose in this review to 
expand the GxE concept by also evaluating other omics layers, such as epigenetics, 
transcriptomics, metabolomics, and proteomics. In addition, host factors such as age, 
gender, and other exposures are very likely to influence GxE effects and need firmly 
to be considered in future studies.
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different compounds and metabolites, for example, cigarette smoke 
or air pollutants, are too complex to be captured by single variant 
interaction effect analyses. The same argument may apply to other 
factors, such as diet or microbial exposures. Additional exposures, 
nicely captured by the exposome concept,5 and subtle ethnic differ-
ences may also influence GxE interaction effects thereby reducing 
the chances to replicate GxE findings across studies from different 
geographical and/or ethnic backgrounds.

As discussed below in this article, many gene variants cumula-
tively sum up to disease risk rather than single variants with large 
effects, and it is therefore perhaps unlikely that we will find single 
variant— single exposure interaction effects. Instead, GxE effects 
may be seen primarily using combinations of many genetic variants 
in the model or at other omics layers such as epigenetics, transcrip-
tomics, metabolomics, or proteomics, rather than at the level of 
single- nucleotide polymorphisms (SNP).1,6,7

In this article, we are reviewing the recent GxE literature in child-
hood asthma with the main focus on papers published in the last 
years. To get a comprehensive picture of the key elements in GxE 
studies, we are also briefly summarizing the role of some selected 
environmental exposures and the current state of knowledge for 
asthma genetics, including the major 17q12- 21 locus and the role of 
the airway epithelium. In addition, we are expanding the GxE con-
cept by reviewing studies on other omics layers and pinpointing im-
portant aspects of future GxE studies going forward.

2  |  KE Y ENVIRONMENTAL E XPOSURES

Children have underdeveloped lungs and an immature immune 
system and are thus very susceptible to adverse effects caused by 
environmental exposures.8,9 In general, children have a higher res-
piratory rate and spend more time outdoors than adults, being inher-
ently more exposed and vulnerable to the effects of environmental 
exposures.9 Despite the numerous environmental factors evidenced 
to play a key role in asthma, early- life tobacco smoke, outdoor and 
indoor air pollutants, farming environment, and microbial exposures 
have been the most frequently studied (Figure 1).3

Air pollution constitutes one of the most important environ-
mental contributors to disease today and is known to both cause 
and aggravate pre- existing asthma.8,10 Air pollutants irritate the 
mucosa of the respiratory tract, causing airway inflammation and 
hyperreactivity.10 In recent decades, children have been spend-
ing a proportionally larger part of the day indoors, meaning that 
indoor exposures at home and in school constitute a substantial 
part of the complete environmental setting.11 Nonetheless, to-
bacco smoke has been most extensively studied in relation to 
asthma.3

Exposure to outdoor air pollution in early life has been linked to 
asthma onset during childhood by effects on inflammation and anti-
oxidation.12 This has also been linked to poorer lung function and re-
spiratory infections in children.8- 10 Also, prenatal maternal exposure 
may increase offspring asthma risk.8 Indeed, epigenetic changes, 

maternal systemic inflammation, and oxidative stress in the placenta 
have been hypothesized to contribute.8,10

On the contrary, a farming environment during childhood is in 
general thought to decrease the risk of asthma, and the effect is par-
ticularly marked if the exposure occurs in utero or during the first 

Key Message

The study of gene- environment interactions is a powerful 
approach to provide insights into the molecular mecha-
nisms involved in childhood asthma. Nonetheless, this 
concept should be expanded, including the exploration of 
other omics layers and host factors beyond solely environ-
mental exposures in interaction with genetic variants.

F I G U R E  1 Overview	of	the	environmental	and	host	factors	in	
interaction with the genetic variation affecting childhood asthma. 
Outdoor exposures are shown on the left- hand side, including 
farming environment, outdoor allergens, and ambient air pollution. 
Indoor factors are illustrated on the right: for example, tobacco 
smoke, cooking and heating, allergens from furred pets, house dust 
mites, and molds. Host factors are presented on top comprising 
age (not shown), gender, SES, psychosocial and perinatal factors, 
and diet and respiratory infections in early life. These interact with 
the individual's genetic composition and epigenetic modifications 
altering the risk of asthma- related traits
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year of life.4,13 One proposed mechanism is that rural areas bring 
about differential exposure to a larger number of diverse micro-
bial products compared with urban settings, and this difference is 
thought to modify immunological responses and subsequently de-
crease asthma risk.4,13

Respiratory infections and wheezing early in life are well known 
to increase the risk of asthma.4,13 One suggestion is that this associ-
ation is dependent on host factors, causing wheezing in vulnerable 
children with abnormal lung physiology, concomitant sensitization, 
and increased genetic predisposition for asthma.13 In summary, 
these pieces of evidence demonstrate the substantial contribution 
of environmental exposures in the modification of asthma suscepti-
bility and disease progression.

3  |  A STHMA GENETIC S

The complex etiology of asthma has been established to be the 
result of intricate interactions between numerous factors. Among 
these, the substantial contribution of the individual's genetic com-
position to different asthma- related traits has been demonstrated 
through heritability estimates ranging from 30% to 90%.14 Indeed, 
adult- onset asthma has been suggested to have a weaker genetic 
component15 and to share genetic factors with other comorbidi-
ties.15 Nonetheless, the contribution of genetic variants specific and 
shared among different age groups has been described for different 
asthma- related traits.16,17

The methodological approaches and study design in the field of 
asthma genetics since its beginning more than 30 years ago have 
been extensively reviewed elsewhere.18,19 The first decades were 
characterized by hypothesis- driven approaches that evolved into 
genome- wide association studies (GWAS)18,19 triggered by the nu-
merous limitations of the former strategies and the development 
of genome- scale genotyping platforms.18,19 The main findings of 
the GWAS of asthma susceptibility published until 2019 have been 
previously described in detail, which have revealed the association 
of nearly 40 genomic regions.18,19 To the best of our knowledge, a 
total of 78 articles have reported results of genome- wide explo-
rations in different asthma- related traits based on GWAS Catalog 
records (https://www.ebi.ac.uk/gwas/) by the time of writing 
(February 2022).

Most of the asthma association signals reported to date are lo-
cated in non- coding regions and the functional insights into the ma-
jority of asthma loci are still quite limited, which also hampers the 
possibility to draw firm conclusions from GxE studies.20 However, ev-
idence of potential implications in the regulation of the transcription 
of nearby genes in immune and pulmonary cells has been described 
for some of the association signals identified.20 Nevertheless, the 
causal molecular and cellular mechanisms through which the genetic 
variation may influence the development of asthma are not com-
pletely understood.21

The numerous advantages of GWAS have substantially increased 
the power to detect novel asthma loci compared with previous 

approaches. However, the genetic factors identified to date only 
account for a small proportion of the total estimated heritability, 
hampering their capacity to predict the risk of developing asthma or 
certain related traits.20,22

4  |  INTER AC TIONS BET WEEN GENES AND 
THE ENVIRONMENT

Today, global trends in asthma incidence vary by country.23 Given 
the strong heritable character of asthma, and that genetic risk can 
be assumed to be relatively stable overtime, the effect of the inter-
play between a wide range of environmental exposures and genetic 
factors on asthma prevalence is likely substantial.23,24 Specifically, 
there is considerable evidence of the influence of GxE in processes 
related to innate immunity, antioxidation, and pulmonary capacity. 
Indeed, the effect size of the genetic determinants might be partially 
influenced by the individual's environmental exposures.25 Thus, the 
effect allele of a certain genetic variant could be associated with 
the protection or risk of different asthma- related phenotypes in 
different environmental settings.26 Vice versa, the influence of envi-
ronmental factors on asthma development may be modified by the 
genetic composition.26

The field of GxE in asthma has drastically evolved together 
with technological advances over the last decades following a sim-
ilar pattern to asthma genetics.2,4 First, GxE investigations were 
mostly focused on the evaluation of a reduced panel of variants 
across the genome or within a specific region of interest. The in-
teraction with exposure to tobacco smoke in family members in 
relation to the development of childhood asthma through linkage 
screenings was the most common scenario.2,4 Nonetheless, can-
didate gene- based strategies have been the most predominant 
over the years. A detailed description of the main findings of the 
studies carried out until 2019 was reported by Morales et al.3 
Briefly, genes encoding proteins involved in mechanisms related to 
asthma pathophysiology, antioxidation, and detoxification as well 
as environmental exposure to tobacco smoke, outdoor air pollut-
ants, and microbes have been the main actors in the GxE field.3 
Despite reports on the effect of numerous environmental factors 
on childhood asthma, the availability of detailed and diverse expo-
sure data is often limited,4 tobacco smoke being the most acces-
sible and extensively explored factor along with the trajectory of 
GxE investigations.

The interaction of the genetic composition with traffic- related 
air pollution has been widely explored, which could be categorized 
as the second most studied environmental exposure in asthma re-
search. As a result, several genes have been identified to potentially 
modify the risk to develop asthma in children exposed to traffic- 
related air pollution (e.g., GSTP1, B4GALT5, ADCY2, DLG2, GSTM1, 
TNF, TLR2, and TLR4).3

Nonetheless, the effects of indoor exposures on the genetic risk 
of asthma- related traits have also been evaluated. For instance, ex-
posure to house dust mite allergens and molds has been proposed 

https://www.ebi.ac.uk/gwas/
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to potentially modify the effects of several genes on asthma exac-
erbations (IL9), airway responsiveness (TGFB1), and childhood- onset 
asthma (IL4), respectively.27,28 Although most of the environmen-
tal factors have been found to increase the genetic risk to develop 
asthma, certain exposures, such as a farming environment, have 
been suggested to provide a protective effect in interaction with 
TLR6, GRM1, and NOD1 polymorphisms against childhood- onset 
asthma.3,4

These findings demonstrate that candidate gene- based GxE in-
vestigations have allowed pinpointing genes that might be of rele-
vance in asthma in the context of specific environmental settings. 
However, these strategies have been characterized by a limited sta-
tistical power to detect significant interactions despite substantial 
efforts to combine several studies through meta- analyses.1 Thus, 
these have opened the doors to GWIS in the last years with the po-
tential of being a powerful unbiased strategy to identify novel ge-
netic loci interacting with environmental exposures.2 This method 
shares similar principles with GWAS with the only addition of the 
interaction effect between genetic variants across the whole ge-
nome and a certain exposure factor in the evaluation of the associa-
tion with an asthma outcome. Despite the numerous advantages of 
GWIS, only a very limited number of studies using this approach to 
childhood- onset asthma had been published until 2019, as reviewed 
by Morales and colleagues.3 These revealed the role of the interac-
tion of the most widely studied environmental factors with variants 
at genes previously known to be involved in asthma pathophysiol-
ogy.3 However, limited replication of loci reported by candidate GxE 
studies was found.3

To our knowledge, a total of 12 GxE studies have been published 
from April 2019 to the time of writing (February 2022; Table 1), in-
cluding nine using a candidate- gene interaction approach and only 
three GWIS. The effects of the environment on the genetic composi-
tion and vice versa have been mostly investigated in childhood traits, 
except for two studies focused on adults.29,30 Additionally, the explo-
ration of gene interactions with early- life environmental exposure 
to tobacco smoke in asthma susceptibility remains the most studied 
setting (Table 1). As a result, these studies have suggested interaction 
effects of known asthma genes with environmental tobacco smoke 
exposure during childhood (IL1RN, NFE2L2),31,32 and a novel locus for 
asthma susceptibility (NAT1)33 (Table 2). Furthermore, the association 
of in utero exposure with genetic variants in asthma has been evalu-
ated.34 Additionally, Sugier et al.35 carried out one of the few GWIS 
published to date evaluating the effects of tobacco smoke. Specifically, 
the significant interaction of four novel loci with exposure to cigarette 
smoke was revealed to potentially influence the time- to- asthma onset 
in children from European populations35 (Table 3).

Gene interactions with other environmental exposures have 
also been explored in the last 3 years, although to a lesser extent. 
Indeed, only two studies evaluated the interaction with different 
air pollutants, suggesting interaction effects of genes previously 
linked to asthma or lung function measurements (IL13, KITLG)36,37 
(Table 2). Furthermore, one large study recently suggested that 
the combination of mold exposure and the effect allele of an Ty
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intronic GSDMB variant could be associated with an increased risk 
to develop asthma in Asian children38 (Table 2), consistent with 
previous studies.38

5  |  ROLE OF AIRWAY EPITHELIUM IN 
GENE- ENVIRONMENT INTER AC TIONS

The airway epithelium, extending from the nasal cavity to the small 
airways in the lungs, is an intricate structure composed of several cell 
types with dynamic and complex tasks.39 This tissue upholds respira-
tory homeostasis and comprises the first line of defense against exog-
enous components in the surrounding air.40 Several mechanisms are 
involved, including mucociliary function, structural protection, and 
coordination of immunological responses.40 Airway epithelial dys-
function and remodeling have a significant role in asthma pathogen-
esis and have been linked to disease onset and progression.41 Several 
asthma susceptibility genes are expressed in airway epithelial cells 
and/or have a direct role in epithelial functionality.41 Intricate genetic 
and epigenetic mechanisms— functionally relevant genetic modifica-
tions without changes in the underlying nucleotide sequence— as well 
as environmental exposures are believed to drive part of the observed 
dysfunction and alter the response to insults.40- 42 The effect of the 
exposure to certain environmental factors early in life on the modi-
fication of the risk and severity of asthma later in childhood40,41 is 
partially dependent on the functionality and integrity of the airway 
epithelium.40,43 Indeed, environmental exposures can trigger an in-
flammatory response and the disruption of the barrier and mucociliary 
function, as well as the maintenance of respiratory homeostasis.40,41 
Children with a predisposed dysfunctional epithelium are particularly 
vulnerable to these adverse effects.40

Respiratory infections are common insults in young children, 
particularly rhinovirus (RV) infections, which have been linked 
with epithelial dysfunction, wheezing, and subsequent asthma.40 
Wheezing and asthma share some pathomechanisms in common 
such as inflammation, smooth muscle hyperreactivity, and mucus 
hyperplasia.40 RV is detected in most children who receive medi-
cal care for asthma exacerbations and is known to exacerbate pre- 
existing asthma.40 Impaired epithelial barrier and functionality, as 
well as dysregulated immune responses, have been suggested as 
perpetuating mechanisms, perhaps even more so in children with a 
predisposition for epithelial dysfunction and future asthma.40,44 In 
fact, children with RV infections show impaired epithelial wound re-
pair, which is magnified in asthmatic airways.44

5.1  |  The 17q12- 21 locus: a central marker of 
asthma in interaction with the environment

The 17q12- 21 chromosome region stands out as the most widely and 
consistently associated signal in different populations, making it a po-
tential central genetic marker in asthma.15 This region consists of a 
dense block of SNPs located at a core region harboring ZPBP2, GSDMB, TA
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ORMDL3, and IKZF3, together with flanking genes such as PGAP3, 
ERBB2, and GSDMA.15,20 Additionally, there is strong evidence of the 
modification of the effects of genes at this locus in childhood asthma 
by environmental exposures, specifically, those in early life.45

Interestingly, RV or respiratory syncytial virus infections of the 
lower respiratory tract during infancy have been strongly associated 
with genotypes at the 17q12- 21 locus, increasing the risk to develop 
childhood- onset asthma.45 This has been evidenced to be substan-
tially enhanced by the combination with environmental tobacco 
smoke exposure.46 Among the genes located in this genomic region, 
ORMDL3 and GSDMB have been the main actors.45 Genetic variants 
at the 17q12- 21 locus previously associated with asthma have been 
linked to the expression patterns of these together with ZPBP2.15,20 
The ORMDL3 expression levels have been proposed to regulate 
the viral replication in bronchial and airway epithelial cells.47 Thus, 
upregulation of ORMDL3 could potentially trigger the viral load in-
crease and hamper the recovery capacity of these cells after infec-
tion.45 This process could be mediated by the sphingolipid pathway47 
and decreased expression of the RV receptor ICAM- 1,48 leading to a 
hindered response to lung injury.48 These pieces of evidence might 
explain the increased susceptibility of children carrying effect alleles 
of 17q12- 21 variants associated with increased expression levels of 
ORMDL3 to experience recurrent wheezing after RV infection.

Exposure to farm animal sheds, which harbor high levels of mi-
croorganisms, and household cat allergens has been proposed to be 
potentially beneficial against respiratory infections and the devel-
opment of childhood asthma in subjects carrying the effect allele of 
17q12- 21 variants associated with increased asthma risk.49,50

6  |  E XPANDING THE GENE- 
ENVIRONMENT CONCEPT

6.1  |  Challenges of conventional GxE strategies

Despite the advances in the GxE methodological approaches in the 
lifetime of this field, we are still far from having a complete picture of 
the complex interactions between the individual's genetic composi-
tion and the environment. Indeed, major novel GxE findings have 
not been detected as expected.3,4 This could be partially explained 
by the modest associations in terms of effect size and significance 
levels detected by the very limited number of GWIS carried out in 
the last few years3,4 in a context of highly restrictive threshold con-
ditions, limited robustness, and consistency across different stud-
ies.1,3 The strict requirement for very large sample sizes is difficult to 
achieve in most asthma studies.3,4 Additionally, frequent high corre-
lation among environmental factors hampers the capacity to discern 
the influence of each of them in the modification of the protective 
or detrimental effect of genetic variants on different asthma- related 
traits.4 Also, most GxE studies carried out until now have been fo-
cused on asthma status with a scarce exploration of more specific 
endotypes, which are likely to interact with different environmental 
exposures and genetic determinants.51 TA
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It is important to note that GxE investigations of asthma have 
been characterized by an overrepresentation of European popu-
lations, hampering the translation of findings into other ancestry 
groups.52 Indeed, the potential of recently admixed populations in 
GWIS has been demonstrated, although presenting additional chal-
lenges.4 The utility of the screening of these populations through 
an alternative to conventional admixture mapping analyses has been 
suggested to substantially increase the statistical power to detect 
GxE effects.53

On the other hand, other types of genetic variation beyond 
common SNPs harbored at autosomes are expected to reveal novel 
asthma loci with functional implications in interaction with envi-
ronmental exposures.2 Polygenic risk score (PRS) approaches show 
an increased potential to detect significant GxE in complex traits 
compared with methods based on individual SNPs.54,55 Mendelian 
Randomization (MR) strategies also promise to provide additional 
insights into the causality and directionality of GxE,56 although they 
have been scarcely applied to evaluate the mechanisms underlying 
asthma.57

6.2  |  GxE approaches beyond genetic variation

High- throughput sequencing approaches and methods to simulta-
neously measure large sets of biomarkers promise high advances 
to disentangle the molecular mechanisms underlying asthma in in-
teraction with environmental exposures exploring several layers of 
biological information.

6.2.1  |  Epigenetics:	a	well-	established	field	in	the	
GxE investigations

Environmental exposures can not only modify the risk of asthma- 
related traits provided by the genetic information, but also they 
are able to induce epigenetic changes, for example, methylation at 
regions enriched on cytosine and guanine nucleotides (CpG sites), 
post- transcriptional control by noncoding RNAs, and histone modi-
fications. As a result, the gene expression and phenotype are modi-
fied without altering the DNA sequence.58 These modifications 
last for a varied time and are dynamic with the possibility of even 
being transferred transgenerationally.58 For instance, grandmaternal 
smoking has been demonstrated to predispose to childhood asthma 
in the offspring, potentially mediated by epigenetic mechanisms.59

It has been suggested that several environmental factors as-
sociated with asthma might induce epigenetic changes, and dif-
ferential methylation patterns at birth and in childhood have been 
linked with this disease.60 Thus, their study could shed light on the 
mechanisms of GxE and the development of asthma- related phe-
notypes.2 The potential of epigenetics in the GxE investigation of 
childhood asthma is also reinforced by epigenetic mechanisms in 
airway epithelial cells, involved in the host immune response and 
the regulation of the development, functionality, and repair of the 

airway epithelium,61 which is crucial in the interaction with the 
environment, as mentioned above. In fact, changes in DNA meth-
ylation near genes involved in the immune response and asthma 
pathogenesis in nasal epithelial cells and blood were detected in 
asthmatic subjects following RV infection.62,63 These epigenetic 
mechanisms in airway epithelial cells may have different roles: to 
further aggravate the disease mechanisms or to try to repair the 
dysfunctional epithelium.61 Here, we will focus on DNA methyla-
tion changes which is perhaps the most studied epigenetic mecha-
nism in childhood asthma.

Tobacco smoke has also been extensively studied in asthma 
from an epigenetic perspective. Interestingly, a large meta- 
analysis of 13 pediatric cohorts identified circa 3000 CpGs differ-
entially methylated in neonate blood following maternal smoking 
during pregnancy. These methylation changes were observed to 
persist to a later time in childhood, increasing the risk to develop 
asthma.64 Furthermore, air pollution has been widely linked to epi-
genetic changes, which might modulate immune responses in the 
airways and provide an increased risk of asthma.65 For instance, 
three studies identified differentially methylated regions asso-
ciated with traffic- related air pollution exposure that mapped to 
FOXP3 and IL- 10 in peripheral blood mononuclear cells (PBMCs), 
buccal epithelial cells, and saliva and were linked to decreased 
lung function, wheezing, and asthma.65,66 FOXP3 has also been 
found to be differentially methylated in T cells from children in as-
sociation with exposure to air pollution and second- hand smoke.67 
Furthermore, the hypomethylation of the NOS3 promoter was 
associated with traffic- related air pollution exposure.68 However, 
epigenetic changes associated with air pollution exposure can dif-
fer between individuals with distinct characteristics, which has 
been demonstrated by the identification of enhanced changes in 
CpG methylation following outdoor air pollution exposure in the 
IL4 promoter and NOS2A in seroatopic children or patients with a 
history of concomitant sensitization to cockroaches.69

The timing of environmental exposures might have a critical role 
in the effect of epigenetic changes. Specifically, exposures during 
the prenatal and perinatal periods have been proposed as a poten-
tial crucial mechanism in asthma- related traits, causing epigenetic 
modifications also in later stages of the development that can persist 
across the lifespan.25 This has been demonstrated by the identifica-
tion of differentially methylated CpGs mapping to genes previously 
linked to asthma and lung health in newborns of mothers that had 
been exposed to traffic- related air pollution.70 Similarly, exposure to 
tobacco smoke in utero has been associated with epigenetic changes 
in offspring71 and, subsequently an increased risk for asthma in 
childhood.59

Several studies have reported differential DNA methylation 
profiles in nasal epithelial cells from children with asthma and/
or atopy, with CpG sites mapping to genes with known effects 
on immune responses and epithelial functionality.60,72 Different 
methylation patterns in airway epithelial cells might differ be-
tween allergic diseases and asthma, and even different asthma 
phenotypes.72,73
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6.2.2  |  Emerging	omics	approaches	in	the	GxE	field

The exploration of additional omics layers has been proven very use-
ful to provide an alternative perspective to better understand the 
GxE in asthma. The evaluation of differential gene expression pat-
terns in cells or tissues in response to a certain environmental expo-
sure in transcriptomic studies has been highlighted for its capacity 
to discern different GxE effects in well- controlled in vitro environ-
ments.4 Some studies have suggested the existence of transcrip-
tional changes in PBMCs after RV infection.74,75 McGeachie et al.76 
also demonstrated the influence of the patient's age on the expres-
sion of SMARCD1 in lymphocytes with effects on asthma control de-
spite inhaled corticosteroids (ICS) use. Nonetheless, the analysis of 
transcriptome data obtained through NGS technologies (RNA- seq) 
in the GxE field is highly promising, which can be demonstrated by 
the recent evidence of changes in gene expression levels that might 
affect asthma in interaction with psychosocial factors.77

It has been proposed that the exploration of the proteome in 
interaction with multiple environmental factors could facilitate the 
identification of relevant disease proteins.78 Although no proteomic 
studies accounting for interactions with the environment have been 
conducted in asthma research to date, it is a promising field that de-
serves further exploration. Similarly, metabolic profiling outstands 
for its capacity to capture the history of the response to exposures 
overtime.79 Liang and colleagues80 recently revealed significant 
metabolic changes related to inflammatory processes and oxidative 
stress after exposure to traffic- related air pollution in patients with 
asthma, suggesting a valuable alternative approach to conventional 
GxE conventional methods.

Additionally, the study of the microbiome— genetic characteriza-
tion of the human microbiota— has been evidenced to be of special 
relevance for disorders with an important contribution to processes 
related to the immune system.81 Indeed, the composition and abun-
dance of the gut and airway microbiome have been demonstrated to 
be influenced by environmental exposures across the lifespan, mod-
ifying the risk to develop asthma.82 Thus, this offers an alternative 
framework to understand the GxE in asthma- related traits.

6.3  |  Exploring host factors in GxE

Environment- related factors have had the leading role in the GxE 
investigations (mainly air pollution and tobacco smoke) with a clear 
underrepresentation of host characteristics (Table 1), despite their 
implication in the modification of the genetic risk to develop differ-
ent asthma- related traits (Figure 1).26,32

6.3.1  |  Age	and	gender

It is well known that the prevalence of asthma and related phe-
notypes differ by gender and age across the lifespan. Childhood- 
onset asthma is more prevalent in prepubertal men although with 

a less severe phenotype, even though the lifetime risk of asthma 
is higher in women.83 A complex network of different factors has 
been proposed to play an important role,83 including genotype- 
by- sex interactions. For instance, two SNPs at the IFNG gene were 
associated with a decreased risk for the development of childhood 
asthma in women compared with men of the same age with a his-
tory of wheezing early in life.84 Moreover, age has been proposed 
to be an important modifier of the association of genetic variants 
with other asthma- related traits apart from susceptibility, such as 
treatment response. Indeed, two recent GWIS explored interactions 
with age in the response to the most commonly used asthma medi-
cations (short- acting beta- 2 agonists [SABA] and ICS) in European 
populations85,86 (Table 1). Interestingly, age- related modifications 
of genetic associations at several loci previously linked to asthma 
pathophysiology were revealed in asthma exacerbations despite ICS 
and bronchodilator response in pediatric and adult asthma patients 
(Table 3). However, there is contradictory evidence regarding the 
contribution of genetic factors in the response to asthma treatment 
dependent on age, demonstrating the need for further investiga-
tion,16,17 including the exploration of the influence of GxE.

6.3.2  |  Socioeconomic	and	psychosocial	factors

Socioeconomic status (SES) has been suggested to affect the trans-
mission of intergenerational asthma risk through GxE mechanisms.87 
Children of parents with asthma and lower SES are more probably 
exposed to unhealthy environmental risk factors compared to chil-
dren with higher SES.87 Thus, it has been suggested that genetics 
might play a larger role in asthma onset in families with higher SES,87 
demonstrating the potential of the investigation of the effect of the 
interaction with SES on the modification of the genetic risk to de-
velop childhood asthma.

On the other hand, psychosocial factors, such as stress, have 
been evidenced to affect the expression of genes linked to asthma 
and inflammation, worsening asthma symptoms.77 This association 
can be extended to maternal psychosocial experiences, which can 
increase the risk to develop childhood- onset asthma, potentially by 
modifying lung development or immune responses.88 Moreover, 
parental depression implying negative changes in the child's mood 
has been associated with a decreased expression of the glucocorti-
coid receptor and β2 adrenergic receptor in whole blood, which can 
influence the response to asthma treatment and disease control.89 
Thus, decreasing socioeconomic and health disparities as well as im-
proving the psychosocial environment for expecting mothers and for 
families with young children may reduce asthma onset.77

6.3.3  |  Pharmacological	therapies

Some studies have suggested that certain medications might affect 
asthma onset, but findings have not been consistent to date. The 
role of both prenatal and childhood paracetamol and antibiotic use 
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has been speculated to increase the risk of asthma and/or wheezing. 
However, their role, and the influence of confounding factors such 
as the indication and reverse causation needs further investigation, 
and might muddle the observed effect.90 Moreover, the regular use 
of inhaled β- agonists at a young age to treat wheezing symptoms 
might aggravate airway hyper- responsiveness, which may play a role 
in future asthma development in children.13

6.3.4  |  Early	life-	related	factors

Perinatal factors relating to birth conditions and newborn char-
acteristics might affect asthma risk and lung function in the early 
years. Indeed, preterm birth and bronchopulmonary dysplasia 
increase the risk of asthma, wheezing illness, and impaired lung 
function in childhood.90 Additionally, the prenatal maternal diet 
has been evidenced to affect the development of childhood- 
onset asthma in the offspring.90 Supplementation regimens during 
pregnancy with increased vitamin D intake and fish oil have been 
suggested to promote appropriate fetal lung growth and subse-
quently improved lung function and a decreased risk of asthma 
and/or wheezing in the offspring.13,91 Nonetheless, there are con-
tradicting views on how breastfeeding affects future asthma risk. 
Some studies have suggested the protective effect of breastfeed-
ing against lower respiratory symptoms during the first year of life 
in those children carrying the effect alleles of GSDMB, GSDMA, 
and ORMDL3 variants previously associated with an increased risk 
to develop childhood asthma.92 Thus, we could hypothesize that 
those breastfed infants could experience a lower risk to develop 
viral infections, partly contributed by 17q12- 21 genetic variants, 
and therefore wheezing, reducing the risk to develop childhood- 
onset asthma.

On the other hand, diet and body composition in childhood af-
fect both asthma susceptibility and severity. Increasing the intake 
of fruits and vegetables and eating less fast foods as well as adopt-
ing a Mediterranean diet have been linked to a decreased asthma 
risk.13 Moreover, a positive association between high body mass 
index (BMI), sedentary behavior, and asthma symptoms in children 
from high- income countries has been reported. Thus, overweight 
or obese asthmatic children have worse asthma control and more 
severe symptoms.90 This raises concerns about the future as the 
prevalence of childhood obesity and sedentary behavior are globally 
increasing.11,13

7  |  GOING FORWARD

Despite methodological and conceptual challenges with GxE in-
teraction studies, recent data have led to new insights into child-
hood asthma pathophysiology. This is perhaps best exemplified 
by the 17q12- 21 asthma locus, where studies have taught us 
important lessons on GxE effects in that associations with SNPs 
at this major locus seem to be restricted to childhood asthma 

onset, thereby highlighting the importance of age and related 
factors. This locus primarily reflects early- life susceptibility to 
respiratory viruses common to all asthma and wheezing children. 
Cumulatively, these pieces of evidence demonstrate the poten-
tially crucial role of the 17q12- 21 region in key processes in the 
airway epithelium in response to pathogenic and beneficial mi-
crobe exposure.

Going forward, we propose that the future of GxE investigations 
in childhood asthma research should be characterized by solid at-
tempts to overcome the limitations of the conventional methodolog-
ical approaches discussed in this review. The horizon of this field 
needs to be widely expanded by exploring alternative methods such 
as PRS, MR, and admixture mapping, as well as combining different 
omics layers.

Additionally, it is very important to gather efforts to evalu-
ate a more complete set of environmental exposures, for example 
through an exposome approach, to better understand the molec-
ular and cellular mechanisms involved in childhood asthma taking 
into account the important role of the environment.5 A continued 
and refined use of single- cell techniques could be used to further 
elucidate the role of the airway epithelium in asthma, understand 
how the airways adapt to exposures and discern those factors with 
a key role and in what time frame.41,42 Additionally, longitudinal and 
functional studies are needed to provide insights into the biological 
mechanisms underlying the observed associations and to pinpoint 
precisely which environmental exposures give rise to the epigenetic 
changes that modify the asthma risk.1,58 Utilizing several types of 
genomic data and assessing co- exposures in large study populations 
could also illuminate the reported complex interactions and eluci-
date how genetic variance affects epigenetic mechanisms even on 
a single- cell level.1,58
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