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Purpose of review

Asthma is a complex disease characterized by an intricate interplay of both heritable and environmental
factors. Understanding the mechanisms through which genes and environment interact represents one of
the major challenges for pulmonary researchers. This review provides an overview of the recently published
literature on gene—environment (G x E) interactions in asthma, with a special focus on the new
methodological developments in the postgenomewide association studies (GWAS) era.

Recent findings

Most recent studies on G x E interaction in asthma used a candidate-gene approach. Candidate-gene
studies considering exposure to outdoor air pollutants showed significant interactions mainly with variants
in the GSTP1 gene on asthma in children. G x E studies on passive and active smoking, including one
genomewide interaction study, identified novel genes of susceptibility to asthma and a time-dependent
effect of maternal smoking. Other recent studies on asthma found interactions between candidate genes
and occupational allergen exposure and several domestic exposures such as endotoxin and gas cooking.
New methods were developed to efficiently estimate G x E interaction in GWAS, and a pathway-based
strategy to select an enriched gene-set for G x E studies has recently been proposed.

Summary

The G x E studies presented in this review offer a good example on how candidate-gene approaches can
complement and help in validating GWAS findings.
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It is now well established that heritable and
environmental factors play a role in asthma patho-
genesis. Genetic factors are likely to be involved in
the development, the activity and the severity of
asthma, and they act primarily through the com-
plex mechanisms that involve interactions with
environmental factors and with other genes.
Gene-environment (G x E) interaction studies aim
to explain how the strength and direction of the
associations between certain genetic variants and
asthma may depend on the given environmental
exposures, and vice versa. So far, most G x E inter-
actions have been identified through hypothesis-
driven research involving only few candidate genes
(reviewed in [1]). To go further, investigating G x E
interactions may help to better understand the role
of the genes identified by genomewide association
studies (GWAS) of asthma. For example, variants at
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chromosome 17q21 that emerged from GWAS have
shown particularly strong associations with asthma
in children who had had wheezing illnesses or
tobacco exposures in early life [2,3"]. Understand-
ing the mechanisms through which genes and
environment interact represents one of the major
challenges for pulmonary researchers.
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KEY POINTS

e Candidate gene—environment interaction studies on
asthma may help to better understand the role of the
genes identified by genomewide association studies.

e Variants in the GSTP] and GSTMT gene modify the
association of exposure to traffic-related outdoor air
pollution, tobacco smoke exposure, and gas cooking
with asthma outcomes in children and adults.

e Gene—smoking interaction studies add further evidence
that passive smoking during pregnancy and in
childhood increases the risk of asthma, with an effect
that varies with the intensity of exposure and time, and
is more pronounced in children carrying genetic
variants that increase susceptibility.

This review will provide an overview of the
recently published literature (January 2013 to Sep-
tember 2014) on G x E interactions in asthma, with
a special focus on new methodological develop-
ments in the post-GWAS era.

Most recent studies on G xE interaction in
asthma wused a candidate-gene approach (see
Table 1 [3"%,4",5,6",7",8%,9%10-12,13",14-16,17"",
18", 19%,20™,21%,22"]). Among the various environ-
mental factors, outdoor air pollution and smoking
were the most studied.

Outdoor air pollution exposure

High levels of outdoor air pollutants such as parti-
culate matter, nitrogen dioxide (NO,), and ozone
(O3) have been associated with a higher risk of
asthma [23], mainly in children. Exposure to air
pollution can cause oxidative stress, and it is plaus-
ible that genetic variants involved in inflammation
and protection against reactive oxygen species
(ROS) may influence the response to air pollutants.
Several recent candidate-gene studies explored
the interactive effect between ambient outdoor
pollutants and genes in the Nuclear factor-like 2
(Nrf2) antioxidant response pathway. Genes in
this pathway, such as those belonging to the gluta-
thione S-transferase (GST) family [glutathione
S-transferase mu 1 (GSTM1) and glutathione S-trans-
ferase pi 1 (GSTP1)] and NAD(P)H dehydrogenase
quinone 1 (NQO1), are responsible for the expres-
sion of enzymes that conjugate and inactivate
ROS. Interactive effects of variants in the GSTPI
gene with fine particles (PM,s) and O3 were
observed on asthma and wheezing in children. Chil-
dren carrying the rs1695 Ile105Val allele were at

1528-4050 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

increased risk of asthma and wheezing associated
with exposure to traffic-related NO, [4™], PM, 5 and
O3 [5], and at increased risk for asthma if they were
exposed to outdoor inhalable coarse particles (PM;)
[67]. Interestingly, Su et al. [6"] used multifactor
dimensionality reduction (MDR) techniques to
explore the interactions. The joint effect of rs1695
with O3 was observed also on aeroallergen sensitiza-
tion [7"]. In addition, children carrying the minor
allele for GSTP1 rs11338272 were more susceptible
to have asthma and wheezing when exposed to NO,
compared with homozygous major allele carriers
[4™"]. Suggestive evidence of an interaction between
one single-nucleotide  polymorphism  (SNP;
1s2234922) in the epoxide hydrolase 1 (EPHX1) gene
and NO, was also found in children with asthma
[6%]. Variants involved in immune response, located
in genes such as tumor necrosis factor alpha (TNFA)
and Toll-like receptor 4 (TLR4), also seem to modity
the association between exposure to outdoor air
pollutants and asthma, as summarized recently by
Vawda et al. [24"].

Smoking exposure

During the last 18 months, the literature on inter-
action between genetic variants and smoking
exposure provided new insights mostly into early-
onset asthma considering parental or maternal
smoking during pregnancy or early childhood,
and into adult-onset asthma considering current
and former smoking. Almost exclusively using a
candidate approach, novel genes of susceptibility
were suggested that are involved in inflammation,
metabolism of xenobiotics, innate immunity, epi-
thelial function, DNA methylation, or belonging to
the 17921 and 20p13 regions.

Only one genomewide study [8*] of interaction
(GEWIS) was conducted that involved 3048 asth-
matic and 3509 nonasthmatic patients from studies
participating in the GABRIEL Consortium (a multi-
disciplinary study to identify the genetic and
environmental causes of asthma in the European
community). Results from this study suggested the
involvement of two novel genes of susceptibility to
childhood asthma (age of onset <16 years). In
particular, it showed suggestive evidence of inter-
actions between intrauterine tobacco smoke
exposure and one SNP located near the gene
EPB41L3 (erythrocyte membrane protein band
4.1-like 3, 18p11) that is involved in intercellular
junctions, and might play a role in apoptosis; and
exposure to passive smoking in childhood and a SNP
localized in PACRG gene (PARK2 co-regulated,
6q25.2-q27), which has a role in morphogenesis
and ciliary mobility.

www.co-allergy.com 71

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



Mechanisms of allergy and adult asthma

pwyso Uo G|
AADBY pup 841GSl o

| 67GS1 USaM|a] UOLODIBU|
seinsoaw uoyoduny Bun
o} uoypjau ul ainsodxe
S13 @jiApDe puo SgNS

€7 Usamjaq uouonIsju|
Buysay sjdyjnw
10§ UOYDB1I0D JoyD
jupoyiubis uibwal jou

PIp suoioDIBjul 8y} JO 4SOy
ainsodxa
020Dq0} Pooyp|IY2 pun
OYOVd 4P8U /G /G LS
ussmieq pup ‘g7] 79dq

IPsuU €69y 60854
pup ainsodxe

0J8yN-Uul UsBMS] UOLIDIBJU|

uoloDIBuI
J X © o} 8duspIAe ON|
uolopIBiul CON|
—[XHd3 © 104 uoyooipuy|
"DWYISD pooyp|iyd uo
uolopIBjul OLlWd —[d1SO
Buizeaym
pup pWwyisp uo €0
puR S¢Wd Puo ‘[dISO
usaMIeq UOKDDIBU|

owyjso uo

(sedAjo|dpy pup ‘g41rGs!
puo | 67SsH) WYL

(seusb Bupjupy puo

gewvay) zid-gdoz
uoiBal |jpwosowouyD

FATALYA
co_mw‘_ _OEOwOEO._LU

SANS €€28€G

PYIL ‘YL INL '1dLSO

LOON PupP 'sj$S
'IHXd3 ‘294aV ‘PINL

[11SO ‘1dISO "IWISD

wx_wv_OEw
T_Or_mmDOr_ &O m\_wﬂ_.t:c
puo OC_V_OEw |PuISjOW

S13 8yi|App3

sjed Auny pup g|3

mv_OEw OUUOQO._
pooyp|iyds pun odsin uj

€O "“Wd "“ON

€O °'wd "“0S ‘0D "“ON

“CWd "“OS ‘0D "“ON

pwyisy

solow
-iso ul uoyouny mc:_
‘suoypgladnXS ‘PUIYiSY

solpw
-yiso ui uoyouny Bun
‘SUOHDQIBODXS ‘DUIYISY

pwyso jesuoc-pooyp|iyo

sy o1Bus||y

pwyisy

9Z99YM ‘DWIYisy

(pebo-jooyps) sjoyuod /8
PUD DWIYISD M UIPIIYD 81T

SI09A g —G ‘S|oHu0d ¥ | ¥
pup DWYSD yim usipliys €2y

sI08A g | —G 'S|oHu0d ¥ | ¢
pup puwyiso Yim usipliys gy

s|PNpPIAIPUL 000 €1

upyy asow Buipnpoul seip

-njs juspuadapu inoy :sejdwios

uoypoljday *(wniiosuo 131y

-gyO) salpnis ¢ Woly paALIap

S|PAPIAIPUL JOIUOD 40GE PUP

59502 gy g :so|dwps A1erodsiq

$|0Yod
yHiq upipoupry /NI XIS (OV]

sioek

71=CL 's|oHuod £| GE pup
DWYISD Yl UBIP[IYD G4 ‘SHOL

sIDoA

y1=C1 's|oHuod /| Gg pup
DUWYISO YIM UBIPJIYD G4Z (SHOL

mtOr_Ou

3 X © d{jpplipun)

3 X 9 {jpopipun)

3 X © djppipun)

SIMIO

3 X © 8jppIpuUD)
JYAW ‘sisAjpuo

uipB uoyowojul
josqns patspio
'3 X © ajpplpun)

3 X 9 {jppipun)

uomio] /| [] 1]

o]lieledig)

/10L] 21yng-omly

pUpoID /[46] 212|g

adoung
/lau8] sueiioyos
ainsodxe Bupjowg

ppPUDD)
/N3/[az] serony

uomio] /[,9] ng

uomin] /[g] Buomy
ppRUR)/M3

uoyoRIBiUl CON=[dLSO PINL/LdLSO °ON SZ33YM ‘Dulyisy {Hiq uPIPPUDD /NI XIS OVL I X O APpIpue)  /[alp] SiAupPpw
uoynjjod Jib JoopINO
sipaA
Lzbzl £ "UBIp|IYd £6Z DVSOD pup JpHowusqg
LZbZ1 puo A¥H 39 uoiBes jowosowouyd  ssaulji Buizeaym ASY/AYH puyisy  SIbaA g—9 ‘UBIp|Iy> 00T (ISYOD 3 X O dopIpup)  ‘YSN/[aa€] UOSID
}nsai uiby auag ainsodxy awodnQ uoyp|ndog ABajpuyg Aiyunod /aduaiayay

sBuipuy Jolow pup

soysuapRRIDYD Apnys syt BuyyBiybiy pwysp uo saipnjs uoyopIsjul 3 X ©) Jusday | 9|qPL

Volume 15 e Number 1 e February 2015

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

.co-allergy.com

72



in the study of asthma Rava et al.

interactions

t

=environmen

Gene

(penuyuo))

Bunidsyo sy} ui espssip

oidojo Jo Yysu ey} sespaloul

oJgn ul ainsodxs
[oYoo|o oy} 9oUSPIAS ON|

ainsodxa xayp

Jojnoiind ur ‘einsodxe

usBis||o jouolpdnod0

pup 99||° 10:€0.14dd

USaM|aq UOLODIBUI SBPOWN

payows JaAsU poy oym
3J3||o | BUO ISD3| o YiMm
950y} Yiim uosupduwod ul
DWYISD JO yslI paspaloul
PIo}£9°C P pPY payows
Jans poy oym adAjoush
DD 9y Yim sjonpiAipu|

Buyssy sjdyjnw
10} UO1O31I0D JoYD
UOIODISJUI JO 9DUSPIAS ON|

UoHODIBIUI 10} B2USPIAS ON|
pasyows
sisyjow J1ayy 41 Ajuo inq
‘sajoBAzowoy vy (jpuoy
-ouny ‘G649 184) [dISO
ur paspaloul Ajuboyiu
-Bis spm ey Jo 10ak Jsuy
ay} ul Buizeaym jo ysu ay|
ainsodxa
S13 ®iow pup yoo1-D

[H@D usamiaq uoyon
-19jul 1O} 9OUBPIAS BWOG

dlHav

IFY1H

(Lovowsy) €l

[oAs] @oupyiu
-Bis epimawousb ayj jo
SYAMD Ul sespasip 016

-19||D JaYj0 10 PWYISD JO
sl BY} Yim pajpIoossp

usaq oARY DY SINS 9T

suimj pasodxaun
Yim paiodwoo suimy

pasodxa ur AyjiqoiieH

ainsodxa _O_._OU__U _U._Ucwhn_

o} ainsodxa [puolpdndd0y

aAIsspd o} ainsodxa oisyn
-Ul PUD UOND3S UDAIDSIY)

36 ‘19A8y
Aoy ‘pwezde ‘Adojo

susbig||o
1yBram upjnosjow ybiy
DWYISO J9SUOH|NpY

@:_V_OEm 18A] OC:,tmO juainy

todipo pup sjed
o} ainsodxa pjoyasnoy
‘si01Abyaq Bupjows
[PUJSjOW PUD [DjUSIDY Josuo-jo-aBo pwyisy
Bujows
Jansy Aby pup pUwyiso
‘siyyowsep oidoyy

(1024 | 8Bp 1o yuiq)

Aoupjul ul ainsodxe G|

pup ‘(sioeh | | pup g ‘g
‘e '1) dn-mojjo4 yope 4o
Bujows jusiind [pussipyy

[WLSO

puo ‘11189 '1d1SO SZO9YM JUBLIND /18AT

ainsodxa jo
uonoinp ‘sjueind sy} Aq
[ payouws sayaipBId jo Jaq

dWIL PUP ‘SdWW ‘IH@D  -wnu ‘Bupjows pjoyssnoy pwyisy

sipak
/ 1P S9WO24N0 pjiyd ‘poyod
Yiq DVdSTY paspqruoypjndod

‘puiyiso ‘Buizesypp 8yt woly sund pliyo—Iayiow [0€S

Spoyod _c:ozco_
-N200 pup H8eq 'YIOJ ‘PIp
-pdog ‘SHYDI wouy siNpPY GZ09

(sa0ak g obp
UDAW) S|OJUOD )/ PUD PUWIYISD

M uswom 48 (SHOWOM)

Hoyod ypiqeud aaydadsoly

Z @b uayo 1o jo jesuo

aspasIp pub bwyisp pesouboip
-uoidisAyd yym sjpnpiaipu) 8o |

SI09k 4—¢

‘siiod uimy oyoBAzIp xes-ay)|
6/7 pup d1oBAzouow 068

(plo sipak | |~ |) uaip|iyD £08

sipak
Z1—G ‘sjoyuod Ayjpay €8¢
pup PWYISD Yim usip|iyd 662

UOHDZIWOPUDI

upljopusW MN/[.a8 1] U23YoYys

3 x 9 ayppipup) adoing/[L./ 1] Hws

sainsodxa _U_CQECOL_>E® Lwiho

3 x © 8jppipun) undof/[9|] Ay

31X © 8jppipun) oipusny /g |] Aueg
(AusiBay
uIm|] ystunQ
ay) Apnis utm] yowuaq/[|] 1yo

dn-moj|04

'3 X © ajpIpub) AN/ [an€ L] "M

upmio|

3 X © ajopIpup) /lz 1] Buopp

73

www.co-allergy.com

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

1528-4050 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



Mechanisms of allergy and adult asthma

“APNIS Yoo UaIp[IyD UDMID] ‘SHDL ‘soeusB pup ‘buwyiso ‘oiol) ‘Oy] ‘epIxolp inyjns ‘2Qg ‘euozo ‘€0 ‘epixolp usbouiu ‘TON ‘uononpal Ajjpuoisuswip
Joppjyinw YgW ‘| 8|ndsjow uoisaypp Jojn|[@dJajul ‘| WD ‘Huswiuoliaue—ausb ‘3 x ©) ‘@yows 020Dqo} [PjUBsWUOIIAUS ‘] | 8sP|oIpAY epixode ‘| XHdF ‘uBIp|lyD Pup sjuaing jo Apnig [puipniibuo uoAy ‘DVdSTY

SZ99YM puD DWYISD
49SUO-8yp| 10} UoHODIB}UI

yodioo—adAjoidoy g7 L

uonon.ajul jupdyiubis oN

adAjousb ||nu | WISO
SY} YHIM S|PNpIAIpUI
Buown Bupjoood spb ym
PoIDIOOSSD SDM SSOUSALS
-uodsal |pIyouoiq paspaldu|

[dISO

[11SD ‘1dISO ‘IWISD
UoHDQI9ODXS PWYISD
JO 8sNDdaq UOISSIWPD
[ondsoy uo aunsodxe
UIXojopus pup (94A7 ul)
99GQCCLLST dNS °Yy}
pup (71dD) £985 162!

(suebBus||p soopul) jodinyy

3y1] Jo sI0aK 7 Jsuy

ayy Buunp swoy ay; jo

wool Aup ur sseudwop
puo pjnow papiodai-juaing

Bupjooo 1oy spb Buisn

sedAjouayd puiyisy uaIp|IYd £/SE ‘'SHOL 3% O 8lopipun)
uoypZYISUSS

21890 pup ‘SHIA
-iounluodoulyl ‘swoy
-dwAs [psou xa|dwod
wojdwAs puiyjso
abp-jooyos xa|dwod
wojdwAs puyiso

Appe ‘Buizesym o3

DVdS1V 40 ‘SddVD
'YWVId ‘ISWvE ‘SndINID

‘sn|dy/S[] Wouy USIP|IYD G4G | T X © SIppIpUpD

LWLSO
pup YHg uo pjop dje|dwod yim

dHE  sinpo uoedoing gOZZ (Il SHYDI 3 X O SHopipun)

uomio] /[.zz] 1os|

adoung
/lal] oyosiL

adoing

/laa0] [P1OWY

dNS 8y usamjeq SUOHDQI8IDX8 PWYISD (s1peA g | —G @bb) sjoyuod /of ool /[6 1]
UOKODIB}UI 10} BOUSPIA] PY1L PUP ‘96AT ‘7 1AD ainsodxa uixojopug 1o} uoypzi|ppdson ‘DWYISO YIM S[PNPIAIPU| /|7 T X ©) SjopIpub) a1myng-oiol |y
}nsai uiby auag ainsodxjy awodnQ uoyp|ndog ABapays  Aiunod/adusiayay

(panuyuo)) 1 alqpL

Volume 15 e Number 1 e February 2015

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

.co-allergy.com

74



Gene-environment interactions in the study of asthma Rava et al.

Among Croatian schoolchildren aged 5-18 years
(423 with asthma and 412 without), Blekic et al. [9%]
investigated the increased risk of asthma conferred by
17q12-21 genetic variants, suggesting the involve-
ment of one novel SNP in the IKAROS family zinc
finger 3 (IKZF3) gene that is involved in the regula-
tion of lymphocyte development. The authors also
reported interaction between genetic variants in
sphingolipid biosynthesis regulator 3 (ORMDL3),
gasdermin A (GSDMA), gasdermin B (GSDMB) and
IKZF3, and early-life environmental tobacco smoke
(ETS) exposure in relation to asthma, hospital admis-
sions, and lung function. In the same population,
Kljaic-Bukvic et al. [10] investigated the increased
risk of asthma conferred by 20p13-pl2 genetic
variants, and showed that the risk was increased by
early-life exposure to ETS for six SNPs in ADAM
metallopeptidase domain 33 (ADAM33), attractin
(ATRN), heat-shock 70kDa protein 12B (HSPA12B),
and sialic-acid-binding Ig-like lectin 1, sialoadhesin
(SIGLEC1) genes. In the study by Li et al. [11], inter-
active effects between two functional SNPs (1s5491,
1s5498) of intercellular adhesion molecule 1 (ICAM1,
19p13.3-p13.2) and ETS exposure were studied
among elementary-school children in Taiwan. The
risk for asthma was significantly higher among
children who simultaneously carried the rs5491 AT
or TT genotype and the 1s5498 GG genotype. Further-
more, the risk for asthma was much higher in chil-
dren exposed to heavy ETS (at least two household
smokers) and carrying the 1s5491 AT or TT genotype
or the rs5498 GG genotype. Another study [12] that
considered the intensity of ETS exposure found
a weak joint effect of exposure to ETS (>S5 versus
Ocigarettes per day in early life) and one SNP in
the gene CDHI (cadherin 1, type 1, E-cadherin,
and 16g22) that has an essential role in the formation
of epithelial junction. Wuetal. [13**] observed a time-
dependent interaction between variants in genes
from the GST family (GSTP1, GSTM1, GSTT1, and
glutathione S-transferase theta 1) and maternal
smoking in relation to the development of wheezing
in childhood. Their results suggest that GSTP1 rs1695
A (Ile105) is a risk allele for wheeze, with an effect
most clearly seen in children who are exposed to
maternal smoking, and only observed for early-life
wheezing. In a study [14] based on all live-born twins
in Denmark between 1994 and 2000, maternal smok-
ing during pregnancy increased the risk of asthma by
70%in the offspring, but no evidence of genetic effect
modification was observed as only a 3% change in
the heritability of asthma was observed in children
whose mothers smoked during pregnancy compared
with children of nonsmoking mothers.

Among 1085 unrelated individuals with asthma
and an onset of asthma at or after 2 years of age,

1528-4050 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

Ferry et al. [15] investigated the interactions
between 26 selected SNPs from GWAS and parental
and maternal smoking behavior on the age of
asthma onset. The strongest interactions were
observed between 1rs9500927 in HLA-DOA (major
histocompatibility complex, class II, DO alpha,
6p21.3) and paternal smoking, and between
rs10508372 in LOC338591 (coiled-coil-helix-
coiled—coil-helix domain containing 3 pseudo-
gene, 10p14) and both paternal smoking and
direct exposure to paternal smoking. The authors
also reported interaction between 154129267 in
interleukin-6 receptor (IL6R, 1g21) and carpet
exposure. There were no significant G x E inter-
actions after correction for multiple testing.

In adults, one study [16] reported an inter-
action between IL3 rs40401 [interleukin-3 (colony-
stimulating factor, multiple), 5q23-q31] and ever
smoking (at least once per day for at least 1 year) on
the risk of asthma in 89 cases and 700 healthy,
young, Japanese women.

Overall, recent genes by smoking interaction
studies on asthma in adults are scarce. Recent find-
ings add to the body of evidence that maternal and
parental smoking during pregnancy and in child-
hood increases the risk of asthma, involving both
direct effects and interactive effects with genetics
that may vary with time. Indeed, time is a factor
known to play a major role in the pathophysiology
of asthma, so extending the research from two-
dimensional G xE to three-dimensional gene-
environment-time interactions may help in discov-
ering novel G x E interactions.

Other environmental exposures

Several recent studies investigated the interactions
between candidate genes and other environmental
factors associated with asthma, such as occupational
allergen exposure, prenatal alcohol exposure, and
indoor exposures (endotoxin, mould, gas cooking,
and household carpet use).

Evidence from several independent GWAS lends
support to the involvement of HLA-II loci in asthma,
in particular among adults. Imputed common HLA-
IT alleles were not associated per se with adult-onset
asthma in a meta-analysis of more than 6000
European individuals from cohorts participating
in the GABRIEL GWAS [17*%]. However, when taking
occupational allergen exposures into account, results
suggested a G x E interaction between the DPBIx
03:01 allele and occupational exposure to latex.

Using a Mendelian randomization approach,
Shaheen et al. [18™] did not find evidence to
suggest that alcohol consumption in pregnancy
increases the risk of childhood atopic disease. A
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maternal ADHIB (alcohol dehydrogenase) variant
(rs1229984), as a proxy for prenatal alcohol
exposure, was unrelated to childhood asthma and
other atopic outcomes. Moreover, there was no
interaction between maternal ADHI1B and reported
intake of alcohol in pregnancy.

The complex, but well described interaction
between CDI14 (cluster of differentiation 14) var-
iants and endotoxin exposure levels was illustrated
again recently among patients with asthma.
This study [19"] observed significant interactions
between variants in the endotoxin pathway
(LY69, lymphocyte antigen 96, and CDI14) and
endotoxin exposure in relation to repeated hospital
admissions. However, in the first GEWIS on asthma,
Ege et al. [25] did not identify any statistically
significant interactions with farm exposures at the
genomewide level. Moreover, they did not confirm
the interactions with SNPs in candidate genes, such
as CD14, even when a less stringent significance
threshold was applied. House dust endotoxin levels
were not studied in the GEWIS, which may explain
the discrepancy with other findings.

Gas cooking is a major indoor source of the
highly oxidant NO,. In adults from the multicentre
European Community Respiratory Health Survey,
increased bronchial responsiveness was associated
with gas cooking, but only among individuals with
the GSTM1 null genotype [20™]. A meta-analysis
of six birth cohorts found statistically significant
effects of early exposure to mould or dampness on
early wheezing and nasal symptoms, but there was
no evidence of a G x E interaction between GSTP1
(rs1695) and mould exposure [21%]. Household
carpet use is known to be a reservoir of major indoor
allergens, which may increase airway inflammation
and asthma in children. In the population-based
Taiwan Children Health Study [22%], household
carpet use appeared to modify the effects of IL-13
variants on wheeze and late-onset asthma.

The G x E studies presented in this review offer a
good example on how candidate-gene approaches
can complement and help in validating GWAS find-
ings. In fact, thanks to the availability of results from
GWAS, new hypotheses were tested including genes
implicated in the previously unexplored biological
pathways in the study of asthma. Up to now,
only two GEWIS on asthma have been conducted
[8%,25], which identified overall only two statisti-
cally significant interactions. One of the reasons
why GEWIS were less successful than the candidate
approach in identifying G x E interactions is related
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to the large number of tests that need to be
performed, which in turn requires stringent
thresholds in order to declare a G x E interaction
significant. Research is moving on to new methods
that efficiently estimate the interactions [26™]. As
an example, Hancock et al. [27] showed that joint
testing of SNP and SNP-by-environment interaction
identified novel loci associated with complex traits
(e.g. pulmonary function) that are missed when
considering only the genetic main effects. Lack of
replication in GEWIS may reflect also heterogeneity
in environmental exposure assessment as well as in
outcome definition. Large consortia of epidemio-
logic studies with well characterized exposure data
and standardized outcome definition are warranted
to exploit the potential of G x E interaction studies.
An alternative between the candidate and the
‘agnostic’ approach of GWAS is provided by the
pathway-based approach, in which several genes
related to the biological pathways of interest are
studied. An enriched gene-set selection strategy that
integrates the information on biological processes
shared by genes, the canonical pathways to which
they belong, and knowledge of the environmental
factor has recently been proposed [28%]. Rare genetic
variant association, together with the G x E inter-
action studies, is believed to be another important
contributor to missing heritability [29]. Thanks to the
advent of next-generation sequencing technologies
and whole-exome arrays, it is now possible to geno-
type rare variants at relatively low cost. As the power
of traditional methods to detect G x E interactions is
expected to be low, specialized association tests and
methodologies are now being developed [30].
Together with G x E interaction, gene-gene
interactions, or epistasis, and epigenetic effects are
believed to be of great importance for the develop-
ment of complex diseases. In particular, recent find-
ings support the hypothesis that gene—environment
interactions in asthma are mediated, at least in part,
by epigenetic processes, such as DNA methylation
(see the review by Kabesch [31™"]). Numerous studies
have also provided evidence that both intestinal and
airway microbiome, and their alteration may con-
tribute to chronic asthma (reviewed in [32"]), offer-
ing new routes of research into the understanding of
G x E interactions. The integration of genetic, epi-
genetic, and microbiome data may help in clarifying
the complex mechanism of asthma pathogenesis.

This review shows that most recent G x E interaction
studies followed a candidate-gene approach, and
only one recent GEWIS study exists on asthma.
Research in the genetics of complex diseases is
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moving toward increasingly detailed data. Never-
theless, the success of post-GWAS era studies in
asthma will depend also on the effort put into
adequate quantification of environmental exposure
and standardization in sample collection as well as
phenotype definition. Novel genes of susceptibility
to asthma were revealed only when relevant
environmental exposures were considered. There-
fore, it could be envisaged that detecting G xE
interactions may help to target the preventive strat-
egies in susceptible individuals.
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