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During the last few decades, the prevalence of allergic disease has increased dramatically. The development of allergic diseases has been attributed
to complex interactions between environmental factors and genetic factors. Of the many possible environmental factors, most research has focused
on the most commonly encountered environmental factors, such as air pollution and environmental microbiota in combination with climate change.
There is increasing evidence that such environmental factors play a critical role in the regulation of the immune response that is associated with al-
lergic diseases, especially in genetically susceptible individuals. This review deals with not only these environmental factors and genetic factors but
also their interactions in the development of allergic diseases. It will also emphasize the need for early interventions that can prevent the develop-

ment of allergic diseases in susceptible populations and how these interventions can be identified.
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INTRODUCTION

Recently, there has been a dramatic increase in the prevalence
of noncommunicable diseases (NCDs), such as cardiovascular
disease, metabolic disease, cancer, chronic obstructive pulmo-
nary disease, inflammatory bowel diseases, and allergic diseas-
es." A key driver of the development of NCDs, including allergic
diseases is chronic low-grade inflammation, which participates
in the pathogenesis of both metabolic and immune-mediated
diseases.” The metabolic and immune systems may also regu-
late each other through sharing of cellular machinery: such in-
ter-relationships may contribute to the development of NCDs.?

Environmental factors may play a key role in the pathogenesis
of NCD as they can promote the development of chronic low-
grade inflammation by altering immune responses. Repeated
exposure to such environmental stimuli over the course of a
life-time may strongly promote the development of NCDs, es-
pecially if there is an imbalance between the inflammatory re-
sponses and the host response against environmental toxins.*
Indeed, there is considerable evidence that indicates that effec-
tive immune responses have been disturbed by recent changes
in environmental factors such as diet, microbial colonization
patterns, air pollution, and climate, as a result, the prevalence
of NCDs has increased.*®

© Copyright The Korean Academy of Asthma, Allergy and Clinical Immunology ® The Korean Academy of Pediatric Allergy and Respiratory Disease

According to the developmental origins of health and disease
hypothesis, exposure to environmental factors such as nutri-
tional state and tobacco smoke in utero shapes the body struc-
tures, function, and metabolism of the offspring and thereby af-
fects their development of NCDs later in life.” Several studies
have shown that exposure to environmental factors during
pregnancy also alters the immune system in offspring, partially
through epigenetic dysregulation and gene-environment inter-
actions.” However, further studies are needed to evaluate the ef-
fect of environmental factors during fetal periods on the health
of the offspring in later life.

In this review, we will elucidate the effect of environmental
changes and gene-environment interactions on the develop-
ment of allergic diseases. We also hope that by demonstrating
the effect of environmental factors on the development of aller-
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gic disease, this review will spur research into the protective
strategies for allergic diseases.

Environmental risk factors of allergic diseases

The rapid increase in the prevalence of allergic diseases and
other NCDs within a relatively short period can be attributed to
environmental changes over the last few decades, as particular
changes in dietary patterns, climate change, environmental
pollution, and factors such as mode of delivery that shape mi-
crobial colonization patterns.®®® These factors have been shown
to promote the initiation and persistence of allergic and other
inflammatory diseases through chronic low-grade inflammato-
ry responses.'*!!

With regard to diet, several studies showed that Westernized
diets, are partially responsible for the increased prevalence of
allergic disease. They are characterized by increased consump-
tion of -6 fatty acids found in margarine and vegetable oils and
decreased consumption of ®-3 fatty acids found in fish oil and
vegetables.'"" The effect of dietary fatty acids on the develop-
ment of allergic diseases is due to anti-inflammatory effects of
o-3 fatty acid and pro-inflammatory effect of ®-6 fatty acid.”
Decreased intake of antioxidants such as vitamins C and E has
also been associated with a higher risk of wheeze and reduced
pulmonary function.” The effect of nutrition on allergic diseas-
es may be mediated by immunomodulation,* oxidative stress,"
and epigenetic mechanisms.®

Many observational studies have shown that climate changes
are associated with the increased prevalence and severity of al-
lergic diseases.” Furthermore, environmental pollutants such
as ozone, particulate matter (PM), and nitrogen dioxide (NO-)
have been implicated in the recent rise in the incidence of aller-
gic diseases.' Although the mechanisms underlying these as-
sociations have not been fully elucidated, some of the possible
theories are discussed below.

Several recent studies showed that mode of delivery, antibiot-
ic use, or diet changes affect the pattern of microbial coloniza-
tion."”"® The changes in the intestinal microbiota in particular
may shape the mucosal immune system in the gut and lungs
and thereby promote allergenic mucosal immune responses.'”
Our previous study supported this by showing that oral admin-
istration of Lactobacillus rhamnosus ameliorates the asthmatic
response in mice.”

The more pro-inflammatory Westernized diets and environ-
mental pollutants, along with clean environments have also been
shown to influence the composition and functions of the gut
and airway microbiota.”"** The developing immune system is
shaped by the different responses of the host microbiota to en-
vironmental changes; it is also influenced by changes in the
composition of microbiota. These interactions among the micro-
biota, host, and environment can induce the low-grade inflam-
mation that promotes the development of allergic diseases.”
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Environmental factor: Climate

Climate change is defined by the Intergovernmental Panel on
Climate Change as a “change in the state of the climate that can
be identified by changes in the mean and/or the variability of
its properties and that persists for an extended period, typically
decades or longer. It refers to any change in climate over time,
whether due to natural variability or as a result of human activity”.
Although climate change is an ongoing process, it has received
particular attention recently, in part because there is evidence
that global warming has affected human health adversely. The
average temperature of the Earth’s near-surface air and oceans
has increased by 0.74£0.18°C over the past century.” This has
caused the world to experience not only more hot days and
rainy days with consequent flooding but simultaneously also
more frost days and drought periods. Thus, climate change im-
poses adverse effects directly by increasing the intensity of ex-
treme weather events such as floods and droughts.

Pollen and mold are major inhalant allergens that can pro-
mote allergic diseases. Climate change affects the levels and
distribution of these allergens. For example, raised temperature
increases pollen production, extends the pollination period, and
allows the spread of particular plants to larger areas, thereby
causing more individuals to be more exposed to them.* In ad-
dition, the high carbon dioxide (CO.) levels produced in urban
areas can augment the allergenicity of pollen by elevating its al-
lergenic compound levels.” The increased frequency of thun-
derstorms caused by climate change is also associated with
outbreaks of asthma that is mediated by bursts of pollens or
fungal spora.” Moreover, the rise in sea level and the changes
in rainfall patterns increase the frequency of mold allergies.”” In
addition, modern buildings, which are designed to be air-tight
to save energy, will probably increase the indoor humidity,
thereby worsening mold allergies.

Climate change can also augment the adverse effects of air
pollution by shaping its distribution and preventing its dispersal.
Moreover, raised temperature can elevate the levels of second-
ary air pollutants such as ozone at ground level. Furthermore,
even stable levels of ozone or PM can synergize with high tem-
peratures in causing adverse health effects.® Thus, the green-
house effect may potentiate the multiple interactions between
various air pollutants.

Environmental factor: Microbiota
Microflora hypothesis

The hygiene hypothesis was proposed more than 20 years ago
by Strachan to explain the dramatic increase in the prevalence
of allergic diseases over the last few decades. In its original form,
this hypothesis claimed that limiting early-life infections im-
pedes the development of the natural immune system and there-
by predisposes individuals to allergic disease.” The modified
“microflora hypothesis” proposes that the overlying hygienic
Western lifestyle limits not only infections, but also general mi-
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crobial exposure and it alters the colonization of the human gut,
which in turn disrupts the development of immune systems
and ultimately leads to allergic diseases.'®***' Infancy and early
childhood have been identified as important and vulnerable
periods in the development of the gut microbiota, which shapes
the disposition to allergic diseases.

The importance of microbial exposure during the perinatal
period has been studied in animal models. It is difficult to achieve
oral tolerance in germ-free mice because they lack Th1 respons-
es and have stronger Th2 responses, as demonstrated by the in-
creased production of IL-4.** Administration of lipopolysaccha-
rides together with food antigens in mice increased the toler-
ance of foods.” In addition, the proper development of oral tol-
erance seems to require a complex intestinal microbiota rather
than colonization with a single microorganism.* These results
suggested that the gut microbiota is a key factor that shapes the
development and regulation of the immune system early in life.

After birth, the diversity of the gut microbiota increases with
age.” Since healthy human fetuses are thought to develop with-
in a bacteria-free environment, the nature of the first contact of
the neonate with the germ-containing environment may mark-
edly shape the early microbiota composition. Indeed, the mode
of delivery has been shown to influence the early colonization
pattern in neonates: vaginally delivered infants acquire bacteri-
al communities that resemble the microbiota of their mother’s
birth canal, which are dominated by Lactobacillus, Prevotella,
or Sneathia spp., whereas, infants born by Cesarean section
harbor bacterial communities that are similar to those found
on the skin surface and are dominated by Staphylococcus, Co-
rynebacterium, and Propionibacterium spp.'®* A meta-analysis
also showed that Cesarean delivery can be a risk factor for aller-
gic rhinitis, asthma, hospitalization for asthma, and perhaps
food allergy/food sensitization, but not for inhalant sensitiza-
tion or atopic dermatitis.”” Moreover, the gut flora composition
of atopic infants is similar to that of infants born by Cesarean
section.® Other factors have also been associated with allergy,
such as probiotics use and antibiotic use in neonates and in-
fants that alter the gut micriobiota. A Korean birth cohort study
(The COhort for Childhood Origin of Asthma and allergic dis-
ease, COCOA) showed that Cesarean delivery and prenatal an-
tibiotic exposure may affect the gut microbiota, which may in
turn influence the risk of atopic dermatitis in infants.'®

To confirm the pathogenesis of allergic diseases shaped by
microbiota composition, it is necessary to perform prospective
studies which show the different population of microbiota, and
function of immune system in allergic and non-allergic infants.
Moreover, only a few prospective studies have used metagenom-
ic analysis to examine the association between gut microbiome
and allergic diseases. Two of these showed that low microbial
diversity early in life is associated with an increased risk of aller-
gic diseases.** One study showed that reduced gut bacterial
diversity in infants associates with an increased risk of allergic
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sensitization, allergic rhinitis, and peripheral blood eosinophil-
ia in the first 6 years of life.* These results support the general
hypothesis that imbalances of gut microbiota influence the de-
velopment of allergic diseases.

Biodiversity in the environment

The hygiene hypothesis also suggests that microbial biodiver-
sity in the environment may influence our immune system and
health later in life. Supporting this is the fact that microbial-rich
environments confer protection against allergic diseases*' and
poor biodiversity is associated with human immune dysfunc-
tion. For example, the homes of atopic individuals have signifi-
cantly lower environmental biodiversity than those of healthy
adolescents.” The atopic adolescents also have significantly
less diverse gram-negative gammaproteobacteria on their skin.
Furthermore, the abundance of the genus Acinetobacteria on
the skin correlates positively with the expression of IL-10 in pe-
ripheral mononuclear cell. These observations suggest that the
Western lifestyle and living in urban areas hampers the expo-
sure to microbes that is needed to develop a healthy microbio-
ta, which in turn is essential for the proper development of im-
mune tolerance and homeostasis.

However, the relationship between environmental and human
microbiota remains unclear. Repeated skin and fecal measure-
ments in 2 subjects showed that only a small fraction of all taxa
found within a single body site are present across all time points.*
This suggests that the human core microbiota is small and that
many taxa are present on some but not all occasions. While it
seems plausible that the composition of the human microbiota
can be temporarily changed by external influences, such as in-
halation or ingestion of microbiota and that farm- or animal-
associated microbiota may compete with the microbiota that
promote asthma, it remains unclear whether such exposure can
permanently change the colonization patterns.

Connections between human microbiota and systemic immunity

The above studies do not exclude the possibility that the mi-
crobiota composition is influenced by the immune system rath-
er than the other way around. However, there are several lines
of evidence that changes in the human microbiota can lead to
different stable immune states.***> Commensal microbiota
functions in the immunoregulatory network and the Toll-like
receptor (TLR) system. The development and maintenance of
epithelial-cell integrity, tolerance, and tissue repair requires the
interaction with microbes and immune cells via their specific
receptors. When these microbial stimuli are absent, it cannot
adequately induce the immunoregulatory circuits including reg-
ulatory dendritic cells, regulatory T (Treg) cells and regulatory
cytokines such as IL-10, transforming growth factor-f (TGF-p).*
Interestingly, it has also been shown that an inflammatory mi-
lieu enhances the conversion of Treg cells to inflammatory Th17
cells and enriches the bacteria that tolerate to the inflammatory
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climate change, etc)
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Fig. 1. Microflora hypothesis. Environmental changes influence the develop-
ment of NCDs, including allergic diseases, by decreasing the environmental
and human microbiota diversity during crucial periods of life, which induces im-
mune dysregulation. NCDs, Noncommunicable diseases.

mediators in microbiota, thereby creating a self-perpetuating
system. These molecular findings further support the hygiene
hypothesis, which states that a sedentary lifestyle in affluent ur-
ban environments does not provide adequate microbial expo-
sure for the development of a healthy microbiota.

Epigenetic mechanisms have also received considerable at-
tention as a possible explanation as to how environmental ex-
posure modulates the immune system. In general, microbe-
rich environments induce both pro-inflammatory and immu-
noregulatory circuits early in life, which indicates an early acti-
vation of the relevant genes.*

The importance of microbial contact during the crucial peri-
ods of fetal life, delivery, and infancy for the healthy immune
system and metabolic programming is only now being under-
stood. This understanding creates new opportunities for im-
proving infant’s health and reducing the risk of disease in later
life (Fig. 1). However, the underlying mechanisms, the cause-
effect relationship, and particularly the crucial individual mi-
crobes and microbial compounds still have to be elucidated.

Environmental factor: Air pollution
Outdoor air pollution

Air pollution has been markedly increased by the rapid growth
of the world’s motor vehicle fleet along with recent urbanization.
Motor vehicles emit large quantities of noxious pollutant in-
cluding CO», carbon monoxide (CO), hydrocarbons (HC), ni-
trogen oxides (NOx), and PM. Traffic-related air pollution
(TRAP), including these primary air pollutants and secondary
by-product such O;, can have adverse effects on health and the
environment. Among these pollutants, particle pollution and
ground-level ozone are the most widespread threats to human
health.
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PMs are major pollutants along with gaseous pollutants such
as NOx and Os. They consist of variously sized particles but the
smaller particles have greater adverse health effects because
they can penetrate the lung as well as the blood stream more
easily. Diesel exhaust particles (DEPs) emitted from motor ve-
hicles are major sources of airborne PM and account for up to
90% of the airborne PM in urban areas. DEPs are known to gen-
erating reactive oxidative stress (ROS).

Ozone is a secondary air pollutant that is produced by photo-
chemical reaction of primary pollutants such as NOx and vola-
tile organic compounds (VOCs) under ultraviolet light. NO: is
generated by most combustion processes that use air as the ox-
idant. Since the most prominent sources of NO: are the internal
combustion engines of automobiles, NO. levels may be an indi-
cator of TRAP. In addition, NO, and other nitrogen oxides also
contribute to the generation of ozone and other oxidant pollut-
ants. It is difficult to determine the independent effect of NO.
on human health in epidemiological studies because NO- is of-
ten seen together with other pollutants derived from combus-
tion exhaust and it acts as a precursor for secondary pollutants.
Nevertheless, several studies have shown that long-term expo-
sure to NO; can decrease lung function and increase respirato-
ry symptoms and it is also associated with immunological im-
pairments.

Air pollution combined with exercise exacerbates allergic
asthma and decreases the lung function in asthmatics.”® Air
pollution also causes asthma and increases airway hyperre-
sponsiveness.* Interestingly, it may act synergistically with host
susceptibility (as indicated by past episodes of bronchiolitis) to
promote the development of asthma.* Allergic rhinitis is also
closely associated with air pollution. The prevalence of allergic
rhinitis is higher in populations that reside in more polluted ar-
eas or near roads with heavier traffic than in populations with
less pollutant exposure.'®*' While air pollution is considered to
be a respiratory environmental factor because it is primarily in-
haled into respiratory systems, it is also associated with eczema
and skin disease.” Indeed, a recent study has shown that the
amount of air pollutants such as NO, toluene, and VOCs corre-
late with eczema symptoms.* Although there is a great deal of
consistent evidence that shows positive associations between
air pollution and the development of allergic symptoms, it is
still controversial whether air pollution can cause allergic sensi-
tization.” Recent human and animal studies showed that air
pollutants such as ozone and DEPs increase the prevalence of
allergic sensitization and stimulate the production of allergen-
specific IgE antibodies, respectively.'®>

Lastly, in East Asia, Asian sand dust that typically occur in ear-
ly spring have been receiving increased attention due to their
significant ecological and health effects, contribution to the ag-
gravation of pre-existing allergic diseases, and augmentation of
harmful effects by air pollution.

Future studies using relevant biomarkers reflecting exposure
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to air pollutants and the consequent effects on target organs
will give more information about how to cope with air pollu-
tion. Moreover, while the independent effect of each air pollut-
ant should be determined, it is also important to assess their ef-
fects when they are combined with other environmental or
host factors.

Indoor air pollution

The effect of indoor air pollution should also be assessed
closely. Indoor air pollutant concentrations can be 2- to 5-fold
higher than outdoor levels and most people spend as much as
90% of their time indoors.” Such chronic exposure to indoor
pollutants at home or in the work-place warrants careful assess-
ment of their health impacts. The sources of indoor air pollu-
tion include the combustion of fuel for heating the home and
cooking, tobacco smoke, chemical products used for cleaning,
building and decorating, and dust from outside.

The indoor air pollution in residences, day-care centers, re-
tirement homes and other special environments affects specif-
ic population groups that are particularly vulnerable due to their
health status or age. Moreover, dampness is more likely to occur
in modern buildings, which are crowded and lack appropriate
ventilation, may have higher levels of microbial pollution that
involve hundreds of species of bacteria and fungi that grow in-
doors easily. Exposure to such microbial contaminants is asso-
ciated clinically with respiratory symptoms, allergies, asthma
and immunological reactions.”

Environmental tobacco smoke (ETS) has been identified as a
major source of indoor air pollution.” Several studies showed
that especially fetal and infantile exposure to tobacco smoke in-
creased the risk of asthma symptoms and lower respiratory tract
infection in early childhood.”* ETS exposure also increases the
vulnerability of the lungs to other air pollutants such as PM.*'
Additionally, a recent study showed that prenatal exposure to
cockroach allergen increased the risk of allergic sensitization in
children at the age of 5-7 years and that exposure to nonvolatile
polyaromatic hydrocarbons (PAHs) augmented the risk.* More-
over, VOCs are emitted from interior products such as syntheti-
cally coated furniture, carpets, and polyvinylchloride flooring,
which means that newly built or renovated houses have higher
levels of these compounds. Children have been shown to have
increased levels of pro-inflammatory cytokines such as TNF-o
and IL-6 after indoor activities® and exposure to VOCs is asso-
ciated with respiratory symptoms and allergic manifestations
through increased inflammation as a result of oxidative stress.**

Other environmental chemical pollutants

Modern people are often exposed to a variety of chemical pol-
lutants as well as increased levels of air pollution at home or in
the workplace during their daily life. Heavy metals such as arse-
nic and nickel are widespread environmental chemicals that are
associated with various adverse health effects, including can-
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Fig. 2. Mechanisms of airway injury by air pollutants that induce oxidative stress
and overpower the antioxidant system in the airway. DEPs, diesel exhaust parti-
cles; GSH, glutathione; NO;, nitrogen dioxide; Os, 0zone; PM, particulate matter.

cer, cardiovascular diseases, neurological disease, and autoim-
mune disease. They exert their deleterious effects by inducing
ROS, which in turn cause the oxidative deterioration of biomol-
ecules or epigenetic changes.” Pesticides and various chlorina-
tion byproducts in drinking water have also been shown to in-
duce epigenetic alterations that are associated with an increased
risk of cancer.®*®” However, the effect of these environmental
chemicals on allergic disease has been poorly studied to date.

Possible links between environmental change and allergic
disease
Oxidative stress

Oxidative stress plays a central role in the mechanisms by which
air pollutants damage human health. Many air pollutants exert
their deleterious effects by inducing oxidative stress in the cells
and tissues with which they have contact. In particular, TRAPs
are known to form ROS such as superoxide anions, hydrogen
peroxide, and hydroxyl radicals. Oxidative stress arises when
ROS overwhelms antioxidant defenses. After this imbalance is
reached, ROS react readily with proteins, lipids, and DNA, re-
sulting in a number of pathological consequences (Fig. 2). A
primary consequence of oxidative stress is the lipid peroxida-
tion or the oxidative degeneration of lipids. If this process is not
stopped, this reaction can lead to cell death through damaging
cell membranes. Activation of signaling pathways is another
way by which oxidant pollutants may induce pathological re-
sponses in the lung. Given these observations, it is likely that in-
dividual susceptibility to air pollution may depend on genetic
variation in the antioxidant system. Indeed, common genetic
variants of the glutathione-S-transferases, which play a role in
cellular protection against oxidative stress,” are associated with
the allergic diseases in a general population with exposure to
air pollution. As for air pollution, NO,, PM.s5, PM,o, and ozone
were often estimated.’®**® Genetic polymorphisms of the antiox-
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Table 1. Summary of recent studies on the effects of environmental factors on the development of allergic diseases and the epigenetic mechanisms behind these

effects
Ref. Number  Environmental factors Epigenetic changes Subjects Tissues Phenotypes
18 PM:s Hypomethylation of NOS2 Children Buccal cells FeNO (biomarker
(encode iNOS) relevant for asthma)
20 PMio Hypomethylation of NOS2 Adults White blood cells -
Hypomethylation of LINE-1 & Alu
(marker of global DNA methylation)
3" DEP Hypermetylation of IFN-y A. fumigates-  CD4+ T cells Asthma
sensitized mice
Hypomethylation of IL-4
47 ETS (prenatal) Hypomethylation of AluYb8 Children Buccal cells -
Hypermethylation of AXL and PTPRO
57 ETS Hypermethylation of IFN-y & Foxp3 Children Effector T cells & regulatory -
Tcells
6" Cigarette smoke Reduction of HDACZ activity In vitroand Human macrophages and lung ~ Asthma/COPD
mouse model  epithelial cells, Mouse lung
77 Traffic related PAH Hypermethylation of ACSL3* (marker of Children Cord blood white blood cells Childhood asthma
(prenatal) methylation of 5’ CpG island)
8" Farm-derived bacteria Prevention of reduced acetylated histone OVA-sensitized ~ Mononuclear cell Asthma

(Acinetobacter Iwoffii F78) 4 (H4ac) within [FN-y promoter

mice

ACSL3, acyl-CoA synthetase long-chain family member 3; A. fumigates, Aspergillus fumigates; COPD, chronic obstructive pulmonary disease; DEP. diesel exhaust
particles; FeNO, fractional exhaled nitric oxide; Foxp3, forkhead box P3; ETS, environmental tobacco smoke; H4ac: acetylated histone 4; HDACZ, histone deacetylase
2; IFN, interferon; IL-4, interleukin-4; iINOS, inducible nitric oxide synthase; LINE-1, long interspersed nuclear element-1; NOS2, nitric oxide synthase 2; OVA, ovalbu-
min; PAH, polyaromatic hydrocarbons; PM, particulate matter; PTPRO, protein tyrosine phosphatase, receptor type, O.

idant system and their interactions with environmental factors
will be discussed later.

Epigenetics

It has been the subject of considerable research that environ-
mental factors, especially air pollution, are able to induce epi-
genetic changes that promote allergic diseases. These studies
are summarized in Table 1. The studies in humans showed that
PM decreases the degree of methylation of the iNOS promoter,
which is involved in defense to oxidative stress.””” An animal
study also showed that DEP challenge induces the hypermeth-
ylation of IFN-y and the hypomethylation of IL-4, thereby skew-
ing the immune system towards Th2 responses.”

The epigenetic effect of smoking also has been investigated in
children. Cigarette smoking can affect the development of asth-
ma by inducing global and gene-specific methylation or by
modifying histone protein.””™ Interestingly, regardless of ma-
ternal smoking, the smoking of grandmothers associates signif-
icantly with asthma in their grandchildren at the age of 5.” This
suggests that there is transgenerational inheritance of epigene-
tic changes. In addition, in utero exposure to traffic-related PAH
induces a specific methylation mark that serves as a potential
surrogate marker for the subsequent development of asthma in
offspring.” Besides the epigenetic effects by air pollution, an
animal study that assessed the protective effect of farm expo-
sure on asthma revealed that maternal exposure to farm-de-
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rived gram-negative bacteria protected the offspring from asth-
ma by preventing the reduction of histone 4 acetylation within
the IFN-y promoter.” In general, low early-life microbial expo-
sure is associated with hypermethylation of the IFN-y gene of
naive T cells, which is in turn associated with an increased risk
of allergy (Fig. 3).” These observations call for more research on
the role of microbial stimuli in the epigenetic modulation of T
cells, particularly Treg cell function.

Not only environmental factor but also genetic variation can
affect or interact with the epigenetic pattern. DNA methylation
of the filaggrin gene worsens the effect of heterozygosity of loss-
of-function variants on eczema.” A recent remarkable study
also demonstrated three-way interactions among DNA genetic
variations, epigenetic variations, and air pollution in terms of
phenotype expression (Fig. 4).% These findings suggest that the
modification of epigenetic pattern by genetic variation may fur-
ther interact with environmental factors, thus resulting in phe-
notypic alterations.

In terms of methodology, epigenetic changes are dependent
on specific tissues or cell types and they may be generated in a
time-dependent manner. For these reasons, it is recommended
that studies on asthma-related epigenetics involve several mea-
surements over time and that the most appropriate target cells
are selected. Of particular use in such research will be birth co-
horts, where pregnant women are enrolled and followed up.
This will allow the epigenetic modifications that occur during
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Fig. 3. Epigenetic mechanisms in allergic diseases. (A) DNA methylation. After
birth, CD4+ T cells undergo progressive demethylation (white circle) in the IFN-y
promoter, which increases their expression of IFN-y which is the master cyto-
kine of Th1 responses. Concomitant de novo methylation (black circle) of IL-4
and IL-13 loci represses the expression of these cytokines, which are responsi-
ble for allergic responses. Therefore, a Th2 skewed response at birth is balanced
by an increased response toward Th1. However, when the IL-4 gene promoter
undergoes demethylation, GATA3 (a master transcription factor of Th2) can bind
the GATA3-binding site of the IL-4 promoter and thereby increase IL-4 production.
This induces the synthesis of IL-5 and IL-13 and the methylation of the IFN-y
promoter, which skews the immune system towards Th2 responses. (B) Histone
modification. Signal transducer and activator of transcription (STAT) proteins
transmit cytokine-mediated signals and initiate transcription, thereby specify-
ing Th—cell differentiation. The activation of STAT4 allows histone acetlyation
(black triangle) at the IFN-y promater, which facilitate STAT4 binding and there-
by increases IFN-y production.

the critical period of life to be identified as well as the life-long
effects of these modifications. Since epigenetic changes can
pass into the next generation, such epigenetics research may
shed more light on the most effective methods of preventing al-
lergic disease.

Gene-environmental interaction for allergic disease

The concept of gene-environmental (GxE) interactions has
evolved in the last century and has now become a central theme
in studies to assess the causes of allergic disease.”® Although
many studies have been performed to search for genes associ-
ated with allergic disease, genes alone cannot explain the recent
increase of allergic disease. Another explanation is that genes
act in association with environmental change to develop the al-
lergic diseases. Technological advances have greatly influenced
the recent burst of research into GxE interactions in allergic dis-
eases.” These studies have led to the identification of novel as-
sociations of genetic variants with disease, the improved mea-
surement of environmental factors by developing exposure bi-
ology tools, and the development of new methods for identify-
ing GxE interactions (Table 2).2%

With regard to asthma, the most well-known and extensively
studied GxE interactions are those between (1) the CD14 gene
and endotoxin exposure,” (2) HLA genes and allergens,” and

Allergy Asthma Immunol Res. 2014 September;6(5):389-400. http://dx.doi.org/10.4168/aair.2014.6.5.389

Environmental Changes and Allergic Diseases

Methylation
of NOS2A
l iNOS \
NOS2A promoter
PM;s levels — L
FeNO levels

Fig. 4. Multiple interactions between air pollution, genetic polymorphism, and
epigenetic markers. The NOS2A gene, which encodes inducible nitric oxide
synthase, is known to modify the effect of air pollution on airway inflammation.
NOS2A promoter haplotypes significantly influenced adjacent DNA methylation
and high PM.s exposure assaciates with lower NOSZA methylation. These NO-
SZA genetic and epigenetic variations together with exposure to high levels of
PM_s synergistically affect the levels of FeNO, which is an in-vivo airway inflam-
matory marker. FeNO, fractional exhaled nitric oxide; iNOS, inducible nitric ox-
ide synthase; NOSZA, nitric oxide synthase 2A; PM, particulate matter.

(3) TLR genes and infectious agents.” Recent genome-wide en-
vironment interaction studies (GEWIS) on asthma also discov-
ered interactions between genome-wide single nucleotide poly-
morphisms and farm-related exposure in Central Europe® and
smoking exposure.”

Given the increasing evidence showing that air pollution pro-
motes allergic diseases, many studies have investigated the in-
terplay between genetic susceptibility and air pollution on al-
lergic diseases. Since air pollution induces oxidative stress and
thereby promotes inflammation, most of these studies focused
on genes in the oxidative stress and inflammatory pathways.

The antioxidant system is a complex network that is composed
of many enzymes, of which glutathione S-transferase (GST) en-
zymes play a particularly important role. They are essential for
glutathione homeostasis, which is a determinant of the cellular
response to oxidative stress and cytoprotection from the byprod-
ucts of oxidative stress. The GSTM1 and GSTP1, sub-classes of
GST, have been studied most frequently. These studies assessed
how the polymorphisms in these enzymes modify individual
susceptibility to air pollution and promote its deleterious effects.
However, there is some debate about whether children who in-
herit a Val (105) variant allele in GSTMI are protected from a
higher risk of asthma with exercise, especially in high ozone
levels.” The inconsistency of the results suggests that gene to
gene interactions (i.e., interactions between GSTPI and other
antioxidant genes) and epigenetic mechanisms should be con-
sidered along with GxE interactions.”

A previously described study showed that PAH augmented al-
lergic sensitization in offspring with prenatal exposure to cock-
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Table 2. Recent studies on gene-environment interactions on the development of allergic diseases

Ref.

Number Year  Author, Nation Subjects Phenotypes Genes Environments Conclusion Issues
18 2011 Egeetal, Europe 1,708 rural children Childhood asthma, Candidate genes ~ Farm No interaction Power issue in
atopy and genome- GEWIS; cautious
wide SNPs interpretation
2% 2013  leeetal,Korea 1,828 school chil-  Aeroallergen CD14 Breastfeeding Prevention
drenaged 9-12yr  sensitization
3¢ 2013 Kang etal, Korea 933 preschool Asthma symptoms  NATZ, Nif2, GSTP1 Paracetamol use  Interaction Important
children aged in infancy confounding
37yr factor; recall bias
4% 2013 Tischer et al, 14,000 children Respiratoryand ~ GSTP1 Early exposure to -~ Complex interplay Heterogeneity
Europe from six birth allergic diseases mould at home between the
cohorts cohorts; non-ex-
clusive residual
confounding
5% 2013 Moreno-Macfas 257 asthmatic FEFz575, GSTM1, GSTP1,  Ozone, low Interaction
et al, Mexico children from Persistent NQo1 vitamin C intake
two cohorts asthma
¥ 2013 Fuertes etal, Pooled analysis of AR GSTP1, TNE TLR2, Traffic-related No interaction Heterogeneity
Europe six hirth cohorts TLR4 air pollution between the
(n=15,299) cohorts
7% 2012 leeetal,Korea 5,036 primaryand AD None (parental Moved history toa Interaction Recall bias
4,607 middle- history of allergic  newly built house
school children disease) before 1 year,
mold
8% 2012 Kimetal, 4,554 elementary  Current AR IL-13 Exposure to indoor  Interaction Selection bias due
Korea school students mold during to missing data
infancy
g 2011 Sordillo JE, etal, 372 children Asthma, eczema  Multiple candidate Endotoxin Protective role Small sample size;
United States (high-risk cohort) genes in the of ACAAT limitation in
endotoxin-TLR terms of
binding pathway generalization
109 2010  Panasevich S, 4,089 birth cohort  Early wheeze, aller- TNF GSTPI, Early maternal Interaction
etal, Sweden gic sensitization ~ ADRBZ smoking
1% 2007  Bieli C, etal, 2,054 children Asthma, allergic ~ CD14 Farm milk Inverse association Small sample size;
Europe, United rhinoconjuntivitis, consumption cross-sectional
States atopy study
12% 2004  GemnJE, etal, 285 infants AD, atopy CD14 Pet ownership Protectiondue to  Selection bias;
United States dog exposure short study
duration

ACAAT, acetyl Coa-Acyl Transferase; AD, atopic dermatitis; ADRBZ, beta-2-adrenoreceptor; AR, allergic rhinitis; CD14, cluster of differentiation 14; FEF, forced expi-
ratory flow; GEWIS, gene-environment-wide interaction study; GSTM1, glutathione S-transferase M1; GSTP1, glutathione S-transferase P1; IL, interleukin; NATZ, N-
acetyltransferase 2; Nrf2, nuclear erythroid 2 p45-related factor 2; NQO7, nicotinamide quinone oxidoreductase 1; SNP. single nucleotide polymorphism; 7LA, toll-like

receptor; TVF, tumor necrosis factor.

roach allergen, especially in children with GSTMI null muta-
tions.” These findings suggest that in utero exposure may pre-
determine the physiological and metabolic adaptations that are
made in later life, especially in genetically susceptible individual.

Several recent studies that detected GxE interactions exam-
ined diverse environmental determinants, particularly smok-
ing, farming, indoor and occupational environments, air pollu-
tion, and diet or nutrition.** To improve our understanding of
the GxE influences on allergic diseases, newly identified genet-
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ic and environmental factors should be studied. The latter fac-
tors include microbiota and stress, especially during the prena-
tal or early postnatal period. Future studies should also clearly
define the outcomes (phenotypes) of allergic diseases. In addi-
tion, such studies should consider various times of the GxE in-
teraction because so many studies show that timing of expo-
sure has crucial effects on susceptibility to disease due to lung
growth, immunological maturation, and epigenetic altera-
tions.* Longitudinal studies with multidisplinary research
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teams are also needed to assess the effect of the environment
on allergic diseases properly.

CONCLUSIONS

The increasing prevalence of allergic diseases is attributable to
environmental changes such as the Westernized diet, air pollu-
tion, climate changes, and other factors that influence the envi-
ronmental and host microbiota. These environmental changes
are associated with the loss of microbial biodiversity, a reduced
human microbiota, immune dysregulation, and subsequent low-
grade chronic inflammation, which is a common pathogenic
mechanism of NCDs, including allergic diseases.

Environmental micro-organisms, previously unique and
abundantly present, are key players in the induction and main-
tenance of immunoregulatory circuits and tolerance. The com-
position and dynamics of our microbial communities and the
innate and adaptive immunity are affected by our lifestyle and
environment, constantly. Changes in climate and lifestyle as
well as air pollution have the potential to influence changes in
the microbiome. More prospective and experimental studies
are required in regard to the understanding of human and en-
vironmental microbiome for the prevention and reduction of
allergic diseases.

In addition, early life period including in utero is a critical pe-
riod to shape the later life phenotype, especially through the
epigenetic mechanism. Therefore, for establishing the strate-
gies to prevent allergic disease, there is a need to elucidate early
environmental effects on the epigenetic changes related with
allergic diseases in later life and to identify genetically suscepti-
ble individuals. In this regard, large-scale birth cohort studies
including diverse environmental changes that assess the effects
of genetic and epigenetic modifications during the critical peri-
ods of life and their life-long effects of these modifications are
warranted.
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