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The concept of gene-environment (GxE) interactions has
dramatically evolved in the last century and has now become a
central theme in studies that assess the causes of human disease.
Despite the numerous efforts to discover genes associated in
asthma and allergy through various approaches, including the
recent genome-wide association studies, investigation of GxE
interactions has been mainly limited to candidate genes,
candidate environmental exposures, or both. This review
discusses the various strategies from hypothesis-driven
strategies to the full agnostic search of GxE interactions with an
illustration from recently published articles. Challenges raised
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by each piece of the puzzle (ie, phenotype, environment, gene,
and analysis of GxE interaction) are put forward, and tentative
solutions are proposed. New perspectives to integrate various
types of data generated by new sequencing technologies and to
progress toward a systems biology approach of disease are
outlined. The future of a molecular network–based approach of
disease to which GxE interactions are related requires space for
innovative and multidisciplinary research. Assembling the
various parts of a puzzle in a complex system could well occur
in a way that might not necessarily follow the rules of logic.
(J Allergy Clin Immunol 2012;130:1229-40.)

Key words: Gene, environment, gene-environment interaction,
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Asthma and allergy, as most common diseases, are believed to
result from the combined effect of genes and environmental
factors and their interactions. The nature-nurture debate finds its
foundations in the 19th century with the work of 2 cousins:
Charles Darwin, the father of the theory of evolution, and Francis
Galton, the father of human behavioral genetics. The idea of a
potential role of gene-environment (GxE) interaction in respira-
tory disease can be traced back to as early as 1938, whenHaldane1

suggested that genetic differences might explain the variability in
the responses of potters to industrial exposures with respect to the
occurrence of bronchitis and death. The concept of GxE
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interactions has dramatically evolved in the last century and has
now become a central theme in studies that assess the causes of
human disease.2,3 The way of addressing the issue of GxE inter-
action has been markedly driven by the specialty of researchers
interested in the topic (Fig 1). Disentangling complex issues by
defining successive steps focused on simpler aspects has long
been the basis of science since Descartes in the 17th century.4

However, disciplines vary according to their conceptualization
of causation of disease.
For genetics-oriented scientists, the basis of the determinants of

disease was seen as starting with genes, followed by gene
products influencing biological and physiologic phenotypes up
to the occurrence of clinical symptoms, as presented by Schork5

in the Transatlantic Conference on asthma genetics held in
1997, the beginning of the genome-wide linkage screens era.
The environment was acknowledged as a question to be addressed
after genetic aspects had been addressed, with a marginal role for
the most ‘‘pure’’ biological steps. That frame might correspond to
the succession of events going from genetic polymorphisms
within the IL4 or IL13 genes to the TH2-oriented immune re-
sponse to IgE levels to airway hyperresponsiveness and finally
to asthma symptoms.6 By contrast, the view of environmental-
ists,7 also processing by successive steps, was merely to consider
genetic susceptibility. An example is occupational asthma, for
which the environment is well defined; the internal dose will de-
pend on the use of a mask at work for occupational exposure to
dust, gases, and fumes or could be assessed based on cotinine
levels for environmental tobacco smoke (ETS) exposure; and
altered structure function might result from bronchial hyperres-
ponsiveness. ‘‘Susceptibility’’ is mentioned in the classical frame-
work regarding the effect of exposure up to manifestation of
disease (Fig 1), which is still in use. The consideration of genetic
modifiers in the analysis of environmental determinants of disease
has been viewed sometimes as potentially decreasing the role of
social control on some factors and having the potential of discrim-
ination, especially in the field of occupational exposures.8 Such
ethical concerns, often not explicit, have led to some reluctance
to study the genetic components of disease. More research is
needed on the ethical aspects of GxE interactions, especially re-
garding the formulation of research questions and the interpreta-
tion of findings.9

Technological advances in large-scale biology have greatly
influenced the recent evolution of the field.10,11 There have been a
number of initiatives worldwide to accelerate investigation of
GxE interplay in health and disease, among which was the Genes,
Environment and Health Initiative launched by the National Insti-
tutes of Health in 2006,12 which had the primary goals of identi-
fying novel associations of genetic variants with disease,
improving measures of environmental factors through the devel-
opment of exposure biology tools, and developing new methods
to identify interactions between genes and environmental
exposures. Although the first 2 goals have been addressed sepa-
rately, a comprehensive approach to understanding the GxE inter-
actions underlying complex diseases still faces numerous
challenges.Workshops gathering experts from various disciplines
have been recently organized to propose recommendations about
the future direction of GxE interaction studies.13,14

The term ‘‘gene-environment interaction’’ has different mean-
ings, depending on the context. A statistical interaction represents
any departure from a pure main effects model. Although quali-
tative interactions require interaction terms on any scale of
measurement, quantitative interactions are scale dependent.15

Statistical interaction differs from biological interaction. Biolog-
ical interaction refers to the dependence of the effect of one factor
at the cellular or molecular level on the presence or absence of the
other, whereas the public health concept of synergymeans that the
joint effect of 2 factors is greater than the sum of the excess risks
from each factor.15 Fig 2 illustrates theoretical models of relation-
ships between genotype and environment,16 with examples in the
field of asthma.17

The study of GxE interaction is useful for several reasons.
Among the many advantages of studying gene interactions in
asthma and allergy is the opportunity to identify novel genes and
novel environmental risk factors that have an effect in subgroups
of subjects (environmentally exposed for the former or geneti-
cally susceptible for the latter) and to provide better insight into
the complex biological mechanisms and pathways underlying
disease. Also, characterization of the increased risk of asthma
associated with the joint effects of genes and the environment is of
public health relevance given the dramatic increase in the
prevalence of asthma and allergic diseases over the last decades
in developed countries and more recently in developing coun-
tries.18 Studies of the effect of genes in populations sharing the
same genetic background but living in different environments
and lifestyles can be particularly instructive.19,20 Finally, investi-
gation of GxE interactions might have a translational value in the
field of pharmacogenetics, in which the genetic control of re-
sponse to drugs can be viewed as a type of GxE interaction. How-
ever, to date, small numbers of genes involved in asthma-related
drug responses have been identified.21
WHAT HAS BEEN DONE AND WHERE ARE WE

NOW IN GxE INTERACTIONS FOR ASTHMA?
A number of strategies can be used to identify GxE interactions

that depend on the level of knowledge22 one can have on the in-
teraction itself and on each of its components: genes, the environ-
ment, or both (Table I).17,21,23-45 The first and simplest situation is
that of a candidate interaction, when both the gene and the envi-
ronment are known and assumed to be involved in a direct phys-
ical or chemical reaction. The most well-known and extensively
studied candidate interaction in the asthma literature is the inter-
action between the CD14 gene, which encodes the endotoxin re-
ceptor, an essential component of the gram-negative bacteria
wall, and environmental exposure to endotoxin.23,24 Other exam-
ples of candidate interactions are those of HLA genes with aller-
gens25 that are presented to T lymphocytes by HLA molecules
and that of Toll-like receptor genes with infectious agents26 that
are first recognized by Toll-like receptors to activate the innate
immune response. Other candidate interactions correspond to
lower levels of knowledge than mechanical interactions, includ-
ing knowledge on immunologic or functional mechanisms or



FIG 1. Paradigms. A, The point of view of philosophers of science (from Descartes R, Discours de la

m�ethode, 16374). B, The point of view of genetics-oriented specialists (modified from Schork5). C, The point

of view of environment-oriented specialists (after Schulte7).
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involving a specific phenotype related to environmental (or drug)
exposure (Table I). When there is no a priori knowledge on a
functional interaction between genes and the environment (no
candidate interaction), the level of complexity to detect GxE in-
teractions depends on whether both the gene and the environment
are known, only one is known, or neither is known and whether
the phenotype under study is the disease as a whole or a
disease-related endophenotype or subphenotype.
The situation in which both the gene and the environment are

each known to have a marginal effect on disease is illustrated
by the interaction between the 17q21 locus and early-life
exposure to ETS in subjects with early-onset asthma.27 Soon
after the discovery of a strong association of asthma with the
17q21 locus in the first asthma genome-wide association study
(GWAS),46 it was shown that the increased risk of asthma con-
ferred by 17q21 variants was restricted to early-onset asthma
and was further enhanced by ETS exposure in early life, an en-
vironmental factor known to be related to early-onset asthma.27

This result, which was then replicated,47,48 illustrates the inter-
face between GxE interactions and GWASs and provides new
clues for the study of the functional role of genes spanning
the 17q21 locus.
When the environment is known, studies of GxE interactions,

until recently, have been limited to candidate regions evidenced
by genome-wide linkage screens (eg, linkage regions interacting
with ETS exposure)49-51 and to sets of potential candidate genes
(from <10 genes to hundreds of genes belonging to biological
pathways). In these candidate gene studies themain exposures ex-
amined included ETS exposure, air pollution, farming, and occu-
pational exposures, and extensive reviews of these studies have
been published.17,28-37 All these studies illustrate the difficulties
of demonstrating robust GxE interactions, which might in part
be due to the relatively small number of genetic polymorphisms
investigated and the small sample sizes. This emphasizes the for-
midable challenge of dissecting the complex mechanisms under-
lying multifactorial diseases.
With the recent development of high-throughput genotyping

technologies (based on Illumina [San Diego, Calif] or Affymetrix
[Santa Clara, Calif] single nucleotide polymorphism [SNP]
arrays), investigation of GxE interactions at the genome-wide
level (gene-environment–wide interaction studies [GEWISs]) are
emerging and receiving growing interest.15,52,53 One way to sim-
plify the investigation of GxE interactions at the genome-wide
level when the environment is known is to conduct a GWAS of
environment-related subphenotypes. This was illustrated by the
first GWAS of toluene diisocyanate–induced asthma, which, al-
though underpowered, suggested a potential association with the
catenin (cadherin-associated protein) a3 (CTNNA3) gene.38 This
observation, aswithmanyothers, has not beenyet replicated.Other
examples in which such approaches have been attempted include
GWASs of aspirin-induced asthma39 and of asthma phenotypes re-
lated to drug response.21 GWASs of various types of occupational



FIG 2. Models of GxE interaction and examples in the area of asthma. The left panel presents theoretical

models of the effects of high-risk genotype and environmental exposure on disease (modified from Ott-

man16). The right panel presents 2 situations taken from the asthma literature in which only the second

(flip-flop) is independent of the scale of measurement (modified from Ober and Vercelli17).
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asthma can be similarly conducted but face the difficulty of repli-
cation if the discovered genes are specific to a given exposure.
The first published genome-wide environment interaction study

for asthma explored interactions between farm-related exposure
and genome-wide SNPs in 1700 children from 4 rural regions of
Central Europe.40 This well-designed study did not reveal any sig-
nificant interactions with common SNPs (interacting allele fre-
quencies from 30% to 70%) for which this study was well
powered or with SNPs previously published for interaction with
asthma. Nevertheless, interactions were detected with rarer SNPs
in genes that merit attention, such as the glutamate receptor path-
way, which is shown to interact with coffee (a well-known
bronchodilator) through a GEWIS of Parkinson disease.54 The au-
thors were cautious regarding these new observations and
acknowledge the need of replication in independent farm popula-
tions.40 Other GEWISs include the investigation of genome-wide
interactions of SNPs with smoking exposure in asthma.41

Finally, the most complex situation is when both the gene and the
environment are unknown.Although the search forGxE interactions
in that context has not yet been undertaken, this raises the issue of
defining the exposome (large sets of environmental exposures or all
putative environmental determinants of asthma)42 and of reducing
the problemby restricting the study to specific asthmaphenotypes.55

Therefore all these previous studies showed that most of the well-
validated GxE interactions were found by using knowledge of
biological processes, the effect of environmental exposures, and/or
pathophysiologicmechanisms (subtypesofdisease, sometimescalled
endotypes).6Agnostic approachesofGxE interactions are still in their
infancy, but methodological research for proposing both optimal
study design and analytic methods is being actively pursued.13-15,56
WHAT ARE THE CHALLENGES TO DETECT GxE

INTERACTIONS, AND WHICH TENTATIVE

SOLUTIONS CAN BE PROPOSED?
In an attempt to illustrate the current issues in an unbiased way,

we performed a literature search for articles published in 2011
or 2012, combining 2 bibliographic sources: (1) Hugenet57 (with
‘‘asthma’’ as the key word in the curated category ‘‘gene-environ-
ment interaction’’), which retrieved 277 articles published since
2001, 80 of which appeared in 2011-2012, and (2) PubMed
(searchwith ‘‘asthmaANDgeneANDenvironment AND interac-
tion’’), which retrieved 150 articles, 49 of which were published
in 2011-2012. Table II20,40,43,44,58-64 summarizes key aspects of
the 11 articles present in both sources. These 11 articles cover
all continents and were published in 10 different journals. Except
for 1 article, the number of subjects was usually at least several
hundred, with a few studies including more than 1000 subjects
with asthma. Environmental determinants studied were diverse
andmostly concerned smoking, farming, indoor environment, oc-
cupational environment, air pollution, and the macroenviron-
ment. A variety of rationales were given to undertake
interaction analysis from candidate interactions to relevance of
marginal effects and finally to agnostic search for a specific envi-
ronment. None of the 11 articles showed a very clear interaction
and had varying interpretations from the authors from classical
enthusiasm that can sometimes be viewed as overinterpretation
to extreme caution that can be viewed as underinterpretation.
The challenges arewell illustrated by this sample of 11 articles,

but identifying the issues raised by GxE interactions in a more
systematic manner and proposing tentative solutions can provide
new opportunities to improve GxE discovery (Table III). We



TABLE I. Gradient of a priori hypotheses for testing GxE interactions: from candidate interaction to full agnostic search

Strategy according to hypotheses on G, E, and/or GxE interaction Examples

A: Hypothesis driven, using previous knowledge on both G and E

Candidate interaction based on a specific hypothesis regarding GxE

interactions (both known): mechanical interaction or based on

immunologic or functional knowledge or involving a specific

environment-associated phenotype

CD14 (endotoxin receptor) with exposure to endotoxin23,24

HLA with any allergen25

Innate immunity genes with infectious agents26

Candidate genes for aspirin or TDI-induced asthma

ADRB2 with b2-agonist response

Known marginal effects of both G and E on disease without a specific

hypothesis regarding GxE interaction

ETS in childhood and 17q21 variants; candidate interaction with respect to

the same subphenotype (early-onset asthma)27

Genes of interest for asthma, such as IL4, with molds43

Pathway approach: testing interaction between a set of genetic variants

and a given environment

ETS, air pollution, farming, and occupational exposure with sets of

potential candidate genes (a few genes [<10] or many genes [hundreds

of genes]) belonging to pathways defined by a systematic search using

bioinformatic tools17,28-37

B: Agnostic for G

Genome-wide interaction investigation of GxE interactions for a given

environment

GWAS of environment-related phenotype (TDI asthma,38 aspirin-related

asthma,39 specific sensitization, GWAS of drug response-related

phenotype to a given treatment [pharmacogenomics])21

Farming exposure with genome-wide SNPs (GEWIS)40

Smoking exposure with genome-wide SNPs (GEWIS)41

C: Agnostic for G and E

Full agnostic search: testing all genes with all environments (hundreds

of environmental determinants or all putative environmental

determinants of asthma with all genes)

Not yet done (issue of defining exposome); data-reduction approach42,44,45

ADRB2, Adrenoceptor b2 gene; E, environment; G, gene; TDI, toluene diisocyanate.
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present these challenges and possible solutions successively for
the phenotype under study, environmental exposures, genes,
and finally GxE interactions.
The definition of the outcome (phenotype) under study is ofmajor

importance. It is well known that asthma is a heterogeneous disease
and that there is not one asthma but several asthmas.55 It has been
shown that the number of SNPs found to be associated robustly
with a complex disease by using GWASs was higher for well-
defined diseases (eg, Crohn disease) than for diseases with less
precise definitions and affecting multiple organ systems (eg, cardio-
vascular diseases).14 There arevariousways of improving thepheno-
type definition. One way is to consider physiologic or biological
phenotypes (endophenotypes) related to the disease process. Many
phenotypes involved in allergy, inflammation, and airway remodel-
ing are associatedwith asthma.Although genetic and environmental
determinants of these phenotypes have been explored separately,
studies of GxE interactions have been limited up to now and need
to be expanded. Attempts have been made to define subphenotypes
of asthma that were initially based on combinations of clinical char-
acteristics but now tend to include biology.55 Examples of these sub-
phenotypes are early-onset allergic asthma related to TH2 cytokines,
TH2-related genes and the 17q12-21 locus, obesity-related asthma,
and involvement of the oxidative stress pathway.55 Use of unbiased
and statistically based approaches, such as cluster analysis or
latent-class analysis, are appealing because they allow one to define
new phenotypes from a number of features related to disease occur-
rence, evolution, therapy, and biological and physiologic disease-
related phenotypes.65-67 One component that is known to play a
major role in the pathophysiology of asthma and has been high-
lighted by clustering-based approaches is time. Therefore the
2-dimensional problem of GxE interaction can be extended to a
3-dimensional problem (gene-environment-time interaction, Fig 3).
Taking time of asthma onset into account can be instrumental to
characterize novel GxE interactions.27 As an alternative to stratify
on age of disease onset, time to disease onset can be the outcome un-
der study, as in a recentGWASof ageof onset of asthma.68More pre-
cise phenotyping can also be obtained from longitudinal studies that
provide not only information on the evolution of disease but also on
repeatedmeasures of disease-related phenotypes.Althoughmost ge-
netic studies have examined single phenotypes (univariate analysis),
joint analysis of multiple phenotypes through multidimensional and
multivariate methods can improve statistical power to identify genes
with apleiotropic effect, as illustratedby the identificationof IL9pol-
ymorphisms on both lung function and polysensitization,69 and this
can be also true for GxE interactions. Although a number of multi-
variate methods have been proposed, improved methods are needed
to integrate information fromvarious data types (including ‘‘-omics’’
data). Combining data from different studies is often needed to get
adequate sample size.However, one challenge can be the lack of uni-
formity in methods used for collecting phenotypic and environmen-
tal data across studies. Initiatives such as the Public Population
Project in Genomics can greatly facilitate data harmonization and
integration.70

Regarding the environment, toxicology started as a science of
acute effects and was founded on the paradigm that the dose
makes the poison: ‘‘Alle Ding sind Gift, und nichts ohnGift; allein
die Dosis macht, das ein Ding kein Gift ist,’’ according to Paracel-
sus,71 a true European researcher from the 16th century. As shown
in Fig 1, the question of the dose has been refined by the consid-
eration of, for example, both the environmental dose and the inter-
nal dose. It is therefore not new to consider that continuous
assessment of exposure is a key element, and there is a need to
go beyond a dichotomous definition of exposed versus unex-
posed. Biomarkers are not used enough in GxE interaction studies
(only in 2 of our 11 sampled studies). Several problems limit their
use: the availability of the appropriate markers for the question
under study, the availability of the environmental or biological
samples to do the measurements, and the fact that they often



TABLE II. Diversity of designs and strategies in the GxE literature illustrated by 11 recently published articles*

Author Population Phenotype Environment Genes

Hypothesis/

strategy for testing

GxE interaction

Authors’

conclusions Issues

Bra€uner

et al, 2011

(Denmark)58

Nested case

(1,111)–control

(734) study

Wheeze at

18 mo

of age

ETS, pets ORMDL3 (1 SNP) Known marginal

effects of G and E

No interaction

for ETS but

interaction for

furred pets

Issue of

independence

of genes and

environment

(pets, smoking

avoidance)

Bunyavanich

et al, 2012

(United

States)59

Clinical trial,

422 asthma

trios

Lung

function

HDM

(Dermatophagoides

pteronyssinus in

mg/g)

P2Y12 (19 SNPs

from Illumina

HumanHap550)

Candidate interaction

functional study

Interaction Role of gene

evidenced by

considering

interaction with

environment

Ege et al, 2011

(Germany,

Switzerland,

Austria)40

Rural children

(1,709,

including

850 AS1)

Childhood

asthma,

specific

IgE

Farm Candidate genes

and genome-

wide SNPs

(Illumina

Human610

quad array)

GEWIS with a

2-step analysis

strategy

No interaction

with common

genetic

variants

Power issue in

GEWIS 2-step

strategy to

reduce multiple

testing problem;

cautious

interpretation

Hwang et al,

2012 (Taiwan)43
188 AS1,

376 controls

Incident

asthma

Mold Candidate gene

IL4 (1 SNP)

Marginal effects

of G and E

Joint effect of

G and E

Scale for

interaction

Lee et al, 2012

(Korea)60
9,643 children Atopic

dermatitis

Mold, moving None (reported

parental history)

Indirect Suggestive

interaction

Recall bias

(possibly

differential)

Liu et al, 2011

(United States,

Finland)61

387 AS1
212 AS2;

1,716 AS1,

16,888 AS2

Asthma Smoking Candidate gene

TSLP (10 SNPs)

Marginal effects Interaction Difficulty in

replication

Mu~noz et al,

2012

(Mexico)62

90 AS1,

111 AS2
Asthma ETS (cotinine) 3 genes (4 SNPs) Candidate genes No interaction Power

Association 6¼
causation

Smit et al, 2012

(8 European

countries)63

844 AS1,

2,046

controls

Cough by

asthma

status

Smoking,

occupational

exposures, irritants

3 TRP genes,

(SNPs from

Illumina

Human610

quad array)

Candidate interaction Suggestive

interaction

Difficulty to assess

specific exposures

Su et al, 2012

(Taiwan)44
235 AS1,

1,310 AS2
Asthma 9 factors (ETS, pets,

household

characteristics)

13 candidate

genes (17 SNPs)

GxG and GxE with

2- and 3-way

interactions

Interaction for

dampness

Data reduction

approach

Ungv�ari et al,

2012

(Hungary)64

307 cases, 344

controls

Asthma Air pollution NFE2L2, KEAP1,

(12 SNPs)

Case-only strategy

to test candidate

interaction

Interaction

( 6¼ hypothesis)

Time

Zhang et al,

2011 (Russia,

Finland)20

858 children in

Karelia

Asthma and

allergy

Eastern vs western

environment

15 innate immunity

candidate genes

(24 SNPs)

Pseudoexperimental

design in subjects

with same ancestry

Interaction Relevance of

macroenvironment

AS1, Subjects with asthma; AS2, subjects without asthma; E, environment; G, gene; GxG, gene-gene interaction; HDM, house dust mite; KEAP1, kelch-like ECH-associated

protein 1 gene; NFE2L2, nuclear factor (erythroid-derived 2)–like 2 gene; ORMDL3, ORM1-like 3 (Saccharomyces cerevisiae) gene; P2Y12, purinergic receptor P2Y, G-protein

coupled, 12 gene; TRP, transient receptor potential; TSLP, thymic stromal lymphopoietin gene.

*The 11 articles shown in this table are all those published in 2011 or 2012 that appeared (September 8, 2012) both in the Hugenet category of GxE interaction for asthma and in

PubMed considering ‘‘asthma AND gene AND environment AND interaction’’ key words.
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reflect recent exposure only. Indeed, environmental exposures of
interest are often chronic exposures, and the window of exposure
has emerged as being critical. It is now considered that it might
well be the time of exposure instead of the dose that is most cru-
cial (Fig 3). The window of exposure in the subject’s life course
might influence critical aspects of lung growth,72 immunologic
maturation,73 epigenetic marks,74 and asthma.75 More generally,
it is critical in the now accepted paradigm of the developmental
origin of health and disease.76 Longitudinal studies with collec-
tion of biological samples is the way forward, but validated
retrospective information obtained by means of questionnaire is
also relevant in this context. Clearly, multidisciplinary research
is needed to properly assess the environment. When switching
from the subject to the population, the issue of a cohort effect
regarding exposure emerges. Studies on traditional farming,
changing in utero exposure to tobacco smoke after cohort changes
in female smoking, and changes in industrial processes leading
to modification of occupational hazards and biomass or
traffic-related pollution exposure, have strong cohort determi-
nants. Tentative solutions include long-term longitudinal studies



TABLE III. Main issues encountered to detect GxE interactions and tentative solutions

Type of issue Tentative solutions

Phenotype

Loose phenotype definition Improve phenotyping through intermediate phenotypes (eg, biological measures of

allergy, inflammation, and bronchial responsiveness), subtype of disease defined

functionally and pathologically by a molecular mechanism, new phenotypes defined

by using clustering analysis (with symptomatic, biological, functional, and

therapeutic data), longitudinal data

Time dependence Time to disease onset as the outcome for analysis; longitudinal studies, repeated

measurements

Single phenotype Joint analysis of multiple phenotypes (eg, combined analysis of lung function data and

allergy characteristics) using various techniques (multivariate analysis, univariate

analysis of principal components of the original phenotypes followed by

combination of the independent test statistics associated with the principal

components, combination of test statistics from univariate analysis of each

phenotype taking into account the correlation among the test statistics)

Heterogeneity in data collection Data harmonization, use of standardized procedures

Environment

Loose definition of exposure

and measurement error

Use of continuous or at least categorical variables to assess exposure (notion of dose),

more investment in assessing environment, use of biomarkers

Time dependence (window of exposure) Repeated measures of environment

Longitudinal studies

Cohort effect regarding exposure Studies incorporating macroenvironment (broad lifestyle, studies of migrants) or

considering subjects of various ages or using retrospective information

Modifying effect by another environmental factor Assess relevant exposures, multilevel modeling (eg, using country of residence and

familial and individual characteristics), give more consideration to multiple

exposures (eg, air pollution, smoking, and diet)

Social determinants of exposures at the collective and

individual levels

Consider social determinants, possibly multilevel modeling (eg, area of residence and

individual levels), use of causal models, stratified analysis

Selection bias: healthy smoker effect or work avoidance Correction by causal modeling (attempting to correct the observations as if the bias

had not occurred)

Gene

Loose definition of genetic variant: SNPs are proxies of

causal variants

Increase SNP density by imputing nongenotyped SNPs using genotyped SNPs and

reference panels (eg, HapMap2)

Sequencing toward characterization of causal variants

Combining GWAS of disease and GWAS of gene expression

Single-SNP analysis Joint analysis of multiple SNPs; pathway-based approaches (analyses of sets of SNPs

[or genes] belonging to the same biological pathway) incorporating GxE interaction

Gene-gene interaction Complex modeling, building interrelationships among genes and gene expression

profiles (gene networks)

Structural variation (CNVs) Improve methods to infer CNVs from SNP arrays

Rare variants Improve quality control of data generated by using new sequencing technologies, use

appropriate study design and development of statistical methods to increase power

Gene function unknown Gene expression studies, functional studies with animal models

GxE interaction

Power Defining optimal study designs (eg, case only, case-control, cohort designs)

Development of statistical methods to increase power

Meta-analyses of existing studies for GxE interaction studies

Multiplicity of statistical methods Comparison of methods through simulations

Combination of strategies and methods

Use of biological knowledge Pathway-based approaches, hierarchical modeling, data-reduction methods (to restrict

investigation of GxE to a subset of relevant genes and/or environmental factors)

Improve gene annotations and other sources of biological information
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and studies of subjects of various ages, including retrospective in-
formation on the childhood environment, interest in the macroen-
vironment,20 and international studies, such as the International
Study of Asthma and Allergies in Childhood.77

The environmental factor under study in a given GxE interac-
tion analysis might not be the sole exposure to which the subjects
are subjected, but other exposures need to be taken into account in
the design, analysis, and interpretation of the results. One clear
situation is when the effect of an environmental factor might be
prevented by another one, such as oxidant exposure caused by air
pollution and consumption of fruits with antioxidant properties.78

A pathway-based approach, in which several genes and environ-
mental factors related to that biological pathway are studied to-
gether, is one way to go forward. Even with such approaches,
difficulties can remain because protective factors counterbalanc-
ing deleterious factors are often unknown or data are unavailable.



FIG 3. GxE interactions: a complex challenge including time. The time axis

represents the individual life course, with changes in environment corre-

sponding to cohort effects (black and light gray lines). Within their life

course, some subjects can experience cohort-like acute changes in case

of migration or cohort-like subacute changes in epidemiologic transitional

situations occurring in developing countries. Such changes can result in

new combinations of exposures at a given time or over the life course.

Time is of particular importance in the context of the Developmental Ori-

gins of Health (DoHad) hypothesis.76 Disappearance of protective factors

(eg, modification of the microbiome) and emergence of new deleterious

factors (eg, new occupational cleaning agents) are cohort related and influ-

ence the windows of expression of asthma. Gene effect on disease can also

vary with time, either at the individual level (regulation of gene expression)

or at the population level (selection and evolution). The concept of the ex-

posome42 aims at integrating multiple exposures over the lifespan. Finally,

phenotypes will result in the interactions of gene networks, in which ho-

meostasis will have a regulatory effect, with potential infinite interaction

events with various elements of the exposome. Although ambitious ap-

proaches to address various aspects simultaneously are emerging, the

challenge remains formidable and, as described by Descartes,4 it is neces-

sary to combine realistic research strategies to disentangle the puzzle.
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Spatial clustering of air pollution, temperature, and social deter-
minants can lead to confounding effects. Air pollution is assessed
through residential information. Determination of interactions of
air pollution with genetic factors might be difficult for assessment
of whether asthma in a given geographic area depends more on
social determinants or their consequences (eg, obesity) than on
air pollution. Multilevel modeling (spatial clustering) is one pos-
sibility to overcome this issue. Examination of numerous environ-
mental factors simultaneously might be feasible in future studies,
and this is illustrated by ongoing projects that are focusing on the
microbiome.79 Integration of various amounts of available knowl-
edge or totally agnostic approaches on the environmental side can
be envisioned, but it is clear that the level of exhaustivity on the
environmental side would never reach the completeness of
DNA variation. However, there have been, until now, too few
studies jointly examining a large number of environmental fac-
tors, even when they are available.
It is worth noting that methods defining clustering patterns or

data-reduction approaches are currently used in some areas but
not in others, likely because of habits rather than rationale. It is
common to define dietary patterns by using a variety of multi-
variate methods.80 There is an increasing use of cluster analysis
applied to multiple phenotypes and principal components
analysis applied to genome-wide SNP data to take into account
population structure, but similar methods need to bemore broadly
applied to environmental exposures. Of specific interest are the
methods that can incorporate previous knowledge. Social deter-
minants of environmental exposures can occur at the collective
level (regulations regarding air pollution or occupational expo-
sures, price of cigarettes, smoking-free areas, biomass fuel expo-
sure, food, or transport availability) and at the individual level
(diet, obesity, changing work, stopping smoking, and moving).
It is therefore important to consider these social determinants,
possibly through stratified analyses, multilevel modeling, and in-
creasing use of causal models.
Other peculiarities related to environmental factors pose prob-

lems in the design and analysis of GxE interactions. For example,
the case-only design or a 2-step approach proposed in the GEWIS
model to test for GxE interaction implies the independence of
genes and environment in the population.15 However, social
determinants might lead to nonindependence between genes
and environment in the population, as is the case for smoking de-
pendence. Smoking habits are influenced by both genes and social
determinants at the individual and population levels. This compli-
cates the analysis of GxE interactions, but use of appropriate
study designs and analytic methods (eg, adjustment and causal
modeling) can overcome this issue. Similarly, selection biases
can occur (healthy worker effect andmoving in relation to air pol-
lution annoyance). In family-based studies the classical aspect of
the shared environment within families should be handled with
direct assessment of that environment. Regarding lifestyle, con-
sideration should also be given to assortative mating, which is
well known to occur in relation to risk factors of asthma, such
as smoking or obesity.81

Up to now, studies of GxE interactions have examined single
genetic markers one at a time within candidate genes or at the
genome-wide level (GEWIS). In candidate gene studies candidate
polymorphisms have most often been chosen because of their
potential functional role in disease, whereas SNPs in genome-wide
studies are most often proxies (or tags) associated with unknown
functional variants. This can be considered a type of a loose
definition of a genetic marker (or measurement error), as for an ill-
defined phenotype or environmental exposure. Loci detected by
usingGWASs are often quite broad, spanning hundreds of kilobases
and including a number of potential candidate genes. Efforts to fine
map thecandidate causal variants responsible forGWASassociation
signals have had limited success up to now. However, the joint
analysis of multiple genetic markers rather than single-marker
analysiswithin a locus evidencedby aGWAShas recently proved to
be a promising approach to pinpoint a gene with a potential
functional role in disease (Brossard et al, personal communication).
Combining data from GWASs of both disease and gene expression
levels provides another route to shed light on the potential functional
roleof geneswithinGWASloci, as illustratedby the identificationof
ORM1-like 3 (Saccharomyces cerevisiae)gene (ORMDL3) variants
that increase the risk of asthma and are associated with ORMDL3
gene expression.46,82 In the post-GWASera, efforts are now focused
on developingmultimarkermethods tomine themass of association
signals that do not reach genome-wide significance but, if consid-
ered jointly,might indicate the involvement of relevant sets of genes
or pathways in disease. These methods differ according to the study
design, analysis strategy (1-step vs 2-step approaches), use (or not
use) of biological knowledge, and the statistical methodology
used.83,84 Incorporating GxE interactions into pathway-based
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analysis can provide a promising alternative between candidate in-
teraction studies and GEWISs, as illustrated by the investigation of
interactions of genes in the oxidative-stress pathwaywithparticulate
matter and tobacco smoke exposure in lung function decrease.85

Genes can also interact with other genes, which adds another
level of complexity.Models andmethods to address epistasis have
been extensively reviewed.86 In addition to SNPs, other types of
genetic variation can be involved, such as copy number variants
(CNVs), which can also interact with environmental factors.
However, methods used to determine CNV location and copy
number from SNP array data have to be improved to obtain
high-performance CNV analysis.87 Recent advances in sequenc-
ing technologies have invigorated the search for rare variants in
the cause of complex diseases.88 This raises a number of issues
in terms of defining quality control criteria for sequenced data,
study designs, and statistical methodology to obtain adequate
power. There is currently active research to address these
problems.14

One of the major issues raised by studies of GxE interaction is
statistical power. Much larger sample sizes are needed to detect
interactions than main effects: an interaction requires at least a
4-fold larger sample size than does a main effect of comparable
magnitude (eg, thousands of cases and control subjects to detect
an interaction relative risk of 1.5 for a candidate study and tens of
thousands for a GEWIS). Advantages and disadvantages of
various study designs for detecting GxE interactions have been
discussed in previous review articles.13-15,56 Increased power can
be achieved by enriching the sample for subjects with a family
history of disease or one having extreme phenotypes or extreme
environmental exposures. Many statistical methods have recently
been proposed to enhance power of detecting GxE interactions in
GEWISs.89-93 Two-step strategies have been proposed94,95 and
used in the farming exposure–asthma GEWI to reduce the prob-
lem of multiple testing that is crucial in GEWISs.40 The power
of these approaches has been extensively studied through simula-
tions that have shown that optimal strategies depend on the under-
lying model.96 Because the true interaction models are unknown,
‘‘cocktail’’ methods that combine each method’s most appealing
aspect can provide a comprehensive and powerful tool for
genome-wide detection of GxE interactions.97 Moreover, as for
GWASs,98,99 meta-analysis of GEWISs can increase power fur-
ther and provide robust estimates of GxE interaction.100,101

As an alternative to purely agnostic approaches, pathway-
based approaches,83-85,102 data-reductionmethods,45 or hierarchi-
cal modeling103 can be used advantageously for detecting GxE
interactions. All pathway-based methods rely on biological
knowledge that is stored in databases, such as Gene Ontology,
Kyoto Encyclopedia of Genes and Genomes, and Biocarta. These
databases often have inconsistencies in gene nomenclature, and a
proportion of known genes do not map to functional annotations
within these databases. Therefore improved annotation is needed,
along with other sources of biological information, to better as-
sign pathways. Finally, experimental studies104 and functional
studies17,37 are needed to validate GxE interactions.
HOW TO INTEGRATE NEW KNOWLEDGE AND NEW

TOOLS?
Advances in high-throughput sequencing technologies and the

availability of a massive amount of genome-scale data at various
levels (DNA [genomics], RNA [transcriptomics], and protein
[proteomics]) provide new opportunities for disentangling the
complex mechanisms underlying complex diseases, such as
asthma, and for progressing rapidly in medical and public health
applications (the so-called personalized medicine). Strategies
integrating various ‘‘-omics’’ data have been emerging105 but
need to be further developed. The understanding of the mecha-
nisms underlying the interplay between genes and the environ-
ment can be provided by epigenomics.106 It is more and more
believed that epigenetic mechanisms (ie, functionally relevant
modifications to the genome that do not involve a change in the
nucleotide sequence) play a major role in gene regulation and
are implicated in the cause of many diseases, including asthma
and allergy. Epigenetics is known to play a role in T-cell differen-
tiation and regulation,107 and environmental factors associated
with asthma, such as exposure to tobacco smoke, ozone, oxidative
stress, endotoxin, and/or diet, have been reported to induce epige-
netic changes in experimental settings.108 Observations, such as
the maternal effect of asthma and genetic imprinting at specific
loci, are also consistent with epigenetic effects in asthmatic pa-
tients.109,110 New technologies allow us to explore epigenetic al-
terations, such as patterns of DNA methylation across the
genome. This makes it possible not only to identify the genetic
and environmental components of DNA methylation patterns
but to understand how these methylation patterns mediate the ef-
fect of known environmental factors and GxE interactions on
asthma-related phenotypes.74 There is also accumulating evi-
dence that the gut microbiome influences the development of
inflammatory disease,79 and the composition of the gut micro-
biome, the airway microbiome, or both might be important in de-
termining the risk of asthma development and could contribute to
chronic asthma.111 The gut and airway microbiota initially ac-
quired during infancy are likely to be modified by environmental
exposures, such as exposure to pet dogs or farm animals, which
are known to protect against asthma.112 Thus new sequencing
technology that enables us to study the microbiome on a large
scale opens up new routes of research into the understanding of
GxE interactions. One aspect that needs consideration is the spec-
ificity of tissues in which these molecular mechanisms can occur
and make the acquisition of samples of various sorts particularly
challenging.
New approaches need to be developed to integrate these various

molecular data and to link them to the disease process. Data-
mining methods and methodology for building molecular net-
works can be instrumental in this endeavor.113 A comprehensive
understanding of the interactions among the genome, the pro-
teome, the environment, and multiple disease–related phenotypes
(or pathophenome) mediated by the underlying molecular and
cellular network is more and more seen as the way forward to
achieve insight into the complex mechanisms underlying the dis-
ease process and to progress toward personalized intervention. As
stated by Barabasi et al,114 the ‘‘think globally, act locally’’ para-
digm of network medicine can allow identification of new drug
targets and biomarkers for complex diseases and to generate local
interventions that might cure the disease.
CONCLUSION
Although the global vision of ‘‘-omics’’ techniques and a

molecular network–based approach to human disease are very
appealing for evolving toward personalized medicine, numerous
pieces of thewhole system are still missing andmost likely need to
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be tackled individually. Resistance to approaches only driven by
technology is warranted, while keeping an open mind on
approaching the various parts of the puzzle with methodologic
rigor, as described byDescartes.4 International andmultidisciplin-
ary approaches should be developed without the illusion of a rapid
comprehensive answer. Results regarding genetic associations,
GxE interactions, or both should be interpreted with a healthy re-
spect for the limitations of the methods and ‘‘without replacing ir-
rational exuberance by imprudent pessimism’’ (as stated by
Herrington,115 even before the GWAS era). The future of a molec-
ular network–based approach of disease towhichGxE interactions
are related requires space for innovative research. Assembling the
various parts of a puzzle in a complex systemmight well occur in a
way that might not necessarily follow the rules of logic.

What do we know?
d Epidemiologic studies have evidenced many environmen-

tal exposures associated with asthma.

d Genetic studies have identified a number of genetic loci
associated with asthma.

d Windows of exposure and windows of expression of the
disease over the lifespan are critical issues to be
considered.

d Few GxE interactions have been established.

What is still unknown?
d Joint effects of environmental factors, genetic factors, or

both on asthma have been studied rarely.

d Interactions among genes, environmental factors, and
GxE interactions are poorly documented.
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