Review

Allergy Asthma Immunol Res. 2014 November;6(6):478-484.

@ CrossMark  Nttp://dx.doi.org/10.4168/aair.2014.6.6.478
o= p|SSN 2092-7355 « el SSN 2092-7363

AAl R*

Allergy, Asthma & Immunology Research

The Effects of Environmental Toxins on Allergic Inflammation

56,8%

San-Nan Yang, " Chong-Chao Hsieh,” Hsuan-Fu Kuo," Min-Sheng Lee™® Ming-Yi Huang,” Chang-Hung Kuo,
Chih-Hsing Hunga,s,sa,m*

"Department of Pediatrics, E-DA Hospital, Kaohsiung, Taiwan

2School of Medicine, College of Medicine, I-Shou University, Kaohsiung, Taiwan

*Division of Cardiac Surgery, Department of Surgery, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan
*Division of Cardiology, Department of Internal Medicine, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan
*Department of Pediatrics, Kaohsiung Municipal Ta-Tung Hospital, Kaohsiung, Taiwan

®Department of Pediatrics, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan

"Department of Radliation Oncology, Kaohsiung Medical University Hospital, Kaohsiung, Taiwan

Graduate Institute of Medicine, College of Medicine, Kaohsiung Medical University, Kaohsiung, Taiwan

Department of Pediatrics, Kaohsiung Municipal Hsiao-Kang Hospital, Kaohsiung, Taiwan

"“Department of Pediatrics, Faculty of Medicine, College of Medicine, Kaohsiung Medical University, Kaohsiung, Taiwan

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

The prevalence of asthma and allergic disease has increased worldwide over the last few decades. Many common environmental factors are asso-
ciated with this increase. Several theories have been proposed to account for this trend, especially those concerning the impact of environmental
toxicants. The development of the immune system, particularly in the prenatal period, has far-reaching consequences for health during early child-
hood, and throughout adult life. One underlying mechanism for the increased levels of allergic responses, secondary to exposure, appears to be an
imbalance in the T-helper function caused by exposure to the toxicants. Exposure to environmental endocrine-disrupting chemicals can result in dra-
matic changes in cytokine production, the activity of the immune system, the overall Th1 and Th2 balance, and in mediators of type 1 hypersensitivi-
ty mediators, such as IgE. Passive exposure to tobacco smoke is a common risk factor for wheezing and asthma in children. People living in urban ar-
eas and close to roads with a high volume of traffic, and high levels of diesel exhaust fumes, have the highest exposure to environmental com-
pounds, and these people are strongly linked with type 1 hypersensitivity disorders and enhanced Th2 responses. These data are consistent with
epidemiological research that has consistently detected increased incidences of allergies and asthma in people living in these locations. During re-
cent decades more than 100,000 new chemicals have been used in common consumer products and are released into the everyday environment.
Therefore, in this review, we discuss the environmental effects on allergies of indoor and outside exposure.
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INTRODUCTION vironmental toxicants not only contributes to the increasing
prevalence of asthma and allergies, it also affects disease out-
Epidemiological research suggests that exposure to environ-

mental toxins (such as pesticides, solvents, and air pollutants)

is associated with an increased prevalence of asthma and aller-
gies. Asthma and allergic diseases are the most common chron-
ic inflammatory diseases in children, and represent a substan-
tial morbidity and mortality burden in severe cases.' The preva-
lence of allergic disorders has seen a worldwide increase over
the last few decades. Most countries report population rates of
allergic diseases (such as allergic rhinitis and asthma) between
15%-35%, with the worldwide average being 22%.> Asthma
prevalence has been increasing since the early 1980s and by
2004, 1 in 15 Americans suffered from asthma.? Exposure to en-
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comes, many of which are due to an underlying immune and
inflammatory dysfunction. Mounting epidemiological evi-
dence suggests that a proper functioning of the immune system
is a major determinant of health across the course of a lifetime;
for example, adults who suffered with childhood asthma may
have an elevated risk of developing lung cancer.! Therefore, ex-
posure to environmental toxicants may cause life-long changes
in responses to infectious agents and in the homeostasis of the
immune system, as well as in our overall physical health. Epi-
demiological studies have suggested that following exposure to
air pollution, variant genes controlling the innate immune re-
sponse and the subsequent inflammatory reactions, are associ-
ated with an adverse respiratory outcome.’ Some environmen-
tal toxins, such as endocrine disrupting chemicals (EDCs), imi-
tate the action of steroid hormones and have promoted endo-
crine and reproductive disorders, both in animal and human
studies. These environmental toxins interfere with the synthe-
sis of cytokines, immunoglobulins, and inflammatory media-
tors, and they also affect the activation and survival of immune
cells. The dysfunction of the immune system caused by some
EDCs may lead to attenuation of immunity immunodeficiency
against infection, or to hyperreactivity of immune responses
(allergy and autoimmune disease). In vitro and in vivo studies
have demonstrated that many of the environmental chemicals
and pollutants that have been associated with increased aller-
gic tendency promote type 2 helper T cell (Th2) reactions, con-
sistent with Th2 predominant responses found in asthma and
allergic rhinitis. In this review, we have summarized epidemio-
logic, animal, and cell studies to demonstrate the impact of in-
door and outdoor environmental toxins on allergy diseases and
the associated immune mechanisms, such as the regulatory ef-
fects of epigenetics.

The effects of toxins found in the indoor environment on
allergies
EDCs

EDCs have increased since World War I1°, and this coincides
with an increased prevalence of autoimmune and allergic dis-
eases.” EDCs are ubiquitous in the environment, and are found
in the air, water, and the soil, and many have undesirable effects
on human health. EDCs are regarded as inducers of the inflam-
matory response, and this can be via the estrogen receptor, or
other receptors, such as the aryl hydrocarbon receptor.? EDCs
have also been reported as potential modulators of the im-
mune system and allergic responses in allergic disease.’ For ex-
ample, a high concentration of diethyl hexyl phthalate (DEHP)
in indoor dust is associated with wheezing in preschool chil-
dren. Another alkyphenol, p-octylphenol, has been shown to
enhance strong Th2 polarization via suppression of type 1 help-
er T cell (Th1) and augmentation of Th2 immune responses, re-
spectively.®'® Recently, new evidence has shown that exposure
to alkylphenols plays a key role in the allergic response that
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may be associated with the development of asthma. Due to the
low solubility, high hydrophobicity, and low estrogenic activity,
alkylphenols tend to accumulate in the human body and lead
to promote the development as well as progression of allergic
diseases. Alkylphenols exert their effects on several key cell
types in the context of allergic inflammation.

Nonylphenol (NP), one of the alkylphenols, is the most impor-
tant metabolite of a group of nonionic surfactants, designated as
NP polyethoxylates' and is one of the common EDCs." NP de-
composes in the environment, and it can influence human
health via bioaccumulation in the diet or through other contact
means.” NP is structurally similar to 17B-estradiol, which femi-
nizes male animals and has possible links to infertility." Some in
vitro or ex vivo studies suggest that NP skews T cells towards Th2
responses through its influence on dendritic cells (DCs). For ex-
ample, splenic conventional DCs from NP-exposed mice have
shown a potent Th2-skewing ability and express increased levels
of IL-6 and TNF-a, but not IL-10 and IL-12, in response to LPS
stimulation.”” Further, bone marrow-derived DCs in the pres-
ence of NP can influence antigen-specific T cells to secrete sig-
nificantly less IFN-y." Importantly, NP-exposed mice developed
relatively more severe OVA-induced allergic lung inflamma-
tion.”” Plasmacytoid DCs (pDCs) are the predominant cells that
secrete type I IFN during infection. Type I IFN increases the sur-
vival of T cells, the differentiation of Th1 and cytotoxic T lym-
phocytes, and also increases the activity of natural killer cells,
leading to an overall boost in the antiviral T-cell activity." Con-
currently, type 1 IFNs suppress the Th2 immune response.’” We
previously reported that NP and 4-octylpnehol (4-OP) influ-
enced the function of pDCs in vitro and in vivo by inducing the
pro-inflammatory cytokine TNF-a, and by suppressing regulato-
ry cytokines such as IL-10, IFN-a and IFN-B, suggesting the po-
tential impact of endocrine disrupting chemicals on immune
regulation.” Accordingly, exposure to NP may be linked to an
impairment in anti-viral immunity.

The tendency to develop asthma and other chronic allergic in-
flammatory disorders such as allergic rhinitis, allergic conjunc-
tivitis and atopic dermatitis, is inherited, but it can be influ-
enced by the environment and modified by in utero exposure
and aging. These features are all linked to epigenetic regulation.
Environmental exposure, especially prenatal maternal smoking,
has been associated with asthma and can be partly explained
by epigenetic regulation. There are several forms of epigenetic
regulation, including DNA methylation or histone modification.
NP increased the expression of TNF-0, but suppressed IL-10
production in a range of physiological doses, concomitant with
activation of the MKK3/6-p38 signaling pathway and enhanced
levels of acetylated histone 3, and histone 4 at the TNFA gene lo-
cus. NP or 4-OP-induced increased TNF-a levels in myeloid
DCs (mDCs), which was concomitant with increasing levels of
methyltranferase complex mixed-lineage leukemia and trypto-
phan-aspartic acid repeat domain 5 (WDR5) in the nucleus,
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that subsequently contributed to the increasing levels of tri-
methylated H3K4 at the TNFA gene locus. The up-regulated
TNEF-o expression by NP could be suppressed by a histone acet-
yltransferase inhibitor. In the presence of NP-treated mDCs, T
cells showed increased levels of IL-13 but decreased expression
of IFN-v."” In a cell study, NP suppressed type I IFN production
in response to CpG stimulation, along with down-regulation of
IRF-7 and involvement of the MKK1/2-ERK-Elk-1 pathways,
leading to the impairment of anti-enterovirus 71 activities. Fur-
thermore, splenic pDCs from NP-exposed mice showed similar
cytokine changes upon CpG stimulation under conditions rele-
vant to routing levels of exposure in humans. The exposure to
NP promoted allergic lung inflammation in a murine model of
asthma.™"®

Phthalates are compounds added to plastics to make them
more flexible. Phthalates can easily be released into the sur-
rounding environment because they are not strongly bound to
the plastics. At least 2 types of phthalates are reported to be
linked with higher rates of allergic respiratory incidences. In a
cohort study of 10,852 children, exposure to butyl benzyl phthal-
ate (BBzP) and DEHP was associated with rhinitis, eczema and
asthma.”® DEHP is found in all PVC products, and exposure to
PVC flooring during pregnancy could be a critical factor in the
development of asthma in children.” Phthalates are reported to
enhance Th2 differentiation, the production of Th2 cytokines,
and increase levels of Th2-promoted immunoglobulins (mainly
IgG1 but also IgE) in mice.” Similar to NP, phthalates may also
interfere with immunity against viral infection and promote a
decrease in the Th2 response, thus increasing the allergic reac-
tion by acting on human pDCs via suppression of IFN-o/IFN-f3
expression and modulation of the ability to stimulate T-cell re-
sponses. DEHP and BBP can suppress CpG-induced IFN-a/
IFN-f expression in pDCs by suppressing CpG-induced interfer-
on regulatory factor (IRF)-7 expression, via suppression of the
histone H3K4 trimethylation at the IRF7 gene promoter region
and inhibiting translocation of H3K4-specific trimethyltransfer-
ase WDR5 from the cytoplasm into the nucleus. BBP- or DEHP-
treated pDCs also suppress IFN-y while enhancing IL-13 pro-
duction by CD4* T cells.”

Tobacco smoke

Cigarette smoke contains harmful chemicals with hazardous
effects on almost every organ in the body of smokers, and non-
smokers exposed to environmental tobacco smoke (ETS). At
least 40,000,000 children are regularly exposed to ETS every year,
increasing their risk for acute respiratory infections. It has been
recognized that asthma and wheezing are more common in
children exposed to cigarette smoke. Tobacco smoke is thought
to be the main indoor air pollutant and can lead to higher rates
of allergy and asthma, with early exposure to ETS being associat-
ed with wheezing in children.* Diseases of the airways in later
life can often be influenced by environmental exposure that oc-
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curred during critical developmental periods of the immune
systems.” Maternal smoking is of greater significance than pa-
ternal smoking and prenatal exposure is also more significant
than postnatal exposure for childhood allergic sensitization.*®
Exposure to maternal smoking prenatally and after birth also in-
creased the risk of wheezing and asthma in children.” Thus,
avoiding tobacco smoke exposure during pregnancy and in ear-
ly childhood might prevent or delay the development of asth-
ma.”” Passive smoking also increases the incidences of wheezing
and asthma in children and young people by at least 20%. There-
fore, stopping parents smoking is crucially important to the pre-
vention of childhood asthma.”® Second-hand smoke exposure
has a dose-dependent synergy with a family history of asthma.
Avoiding second-hand smoke may be an important preventa-
tive method for reducing the risk of adult-onset asthma among
those with asthmatic heredity.® Detectable levels of serum and
salivary cotinine, a marker for tobacco smoke exposure, are
common in children admitted for asthma.*® Detectable serum
and salivary cotinine levels are also associated with re-admis-
sion in children hospitalized for asthma.* There is evidence to
support an association between the development of asthma and
tobacco smoke exposure, and evidence is mounting to suggest
that exposure to tobacco smoke may also increase the risk of IgE
sensitization.” Tobacco smoke reduces the Thl response by
suppressing IFN-y production and natural killer cell activity, but
it enhances the Th2 response by increasing production of IL-4,
IL-5 and other pro-inflammatory cytokines that result in in-
creased allergic responses.®**

Heavy metals

There is an association between heavy metals and allergic re-
actions. Prenatal and early postnatal exposure to heavy metals,
such as lead and mercury, has been reported to skew immune
responses toward a Th2 bias and elevate production of IgE or
Th2-related cytokines. Lead exposure in mice promotes a Th2
reaction and suppresses IFN- ¥ expression.*® Mercuric chloride
induces a higher IgE production and increases IL-4 levels.* In a
study of children, increased ambient nickel and vanadium con-
centrations were significantly associated with an increased
probability of wheezing at 24 months old.”

The effects of toxins found in the outside environment on
allergies
Diesel exhaust particles

Epidemiologic studies have suggested that prenatal and early
childhood exposure to diesel exhaust plays a role in the devel-
opment of allergies. The offspring of mice exposed to diesel ex-
haust particles (DEP) were hypersensitive to ovalbumin (OVA),
indicated by inflammation of the airways and hyperresponsive-
ness, increased serum OVA-specific IgE levels, and increased
pulmonary and systemic Th2 and type 17 helper T cell (Th17)
cytokine levels.* However, exposure to DEPs alone did not in-
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duce asthma in mice. The co-exposure of DEPs and house dust
mites (HDM) markedly enhanced airway hyperresponsiveness
compared with HDM exposure alone and induced Th2 and
Th17 responses, including IL-13, IL-17A* double-producing T
cells.* In a recent study of children with allergic asthma, those
exposed to high levels of DEPs had more frequent symptoms
over a 12-month period (32.2%) compared with only 14.2% in a
low DEP-exposure group. Children with allergic asthma ex-
posed to high DEP levels had ~6 fold higher serum IL-17A lev-
els compared with low DEP-exposed children.”

Particulate matter

Particulate matter (PM) is a heterogeneous mixture of small
particles and liquid droplets suspended in the air. PM can be
classified into three categories based on the particle size. Coarse
PM (diameter, 2.5-10 pm) is derived from abraded soil, road
dust, construction debris and an aggregation of smaller com-
bustion particles. Fine (<2.5 pm) and ultrafine (<0.1 pm) PM is
formed during the combustion of fossil fuel products. Diesel ex-
haust is a major source of particulates in urban areas, and ac-
counts for most airborne PM. Particulates can stimulate our im-
mune system to induce inflammatory reactions. Several nano-
meter- to micrometer-sized particulates, such as particle matter
2.5 (PM2.5), diesel particles, and sand dust, induce pulmonary
inflammation, and especially allergic asthma. Exposure to PM
air pollution induces an exacerbation of asthma in children,
and their exposure to PM is likely to include combustion-relat-
ed ambient PM and PM related to the child’s activity in their in-
door and outdoor microenvironments. PM can pass through
the throat and nose and enter the lungs, and has an adverse ef-
fect on many organs in the body. PM size may be directly linked
to its potential to induce immune responses and cause allergy
problems. PM2.5 may be more respirable and hence more tox-
ic. There is an association between ambient PM2.5 and the de-
velopment of allergic asthma and exacerbation of acute asth-
ma. There is also increasing evidence to link ambient levels of
PM2.5 to declining lung function, and increased reliance on the
need for medical services to treat asthma.”** PM components
from fossil fuel combustion can induce oxidative stress initiated
by reactive oxygen species (ROS). Reported associations be-
tween worsening asthma and PM2.5 mass could be related to
the oxidative potential of PM to induce airway inflammation as
a result of oxidative stress. DEPs contribute significantly to ur-
ban PM2.5 concentrations.” The decrease in the FEV1 of asth-
ma patients was significantly associated with increased hourly
peaks and the daily average levels of PM2.5.** Nanometer- to
micrometer-sized crystals, spheres, and hydrogel forms of alu-
minum salts have been used as vaccine adjuvants to enhance
antibody responses, and most of these particulates induce Th2
immune responses.*

Several particulates exhibit adjuvant effects in immune re-
sponses. For example, aluminum can selectively stimulate hu-
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moral immune responses, especially Th2 immune responses,
which are characterized by the production of IL-4 and IL-5 and
the induction of IgE and IgG1."**" Crystalline silica can also in-
duce Th2 responses and antigen-specific IgE and IgG1.” Syn-
thesized particles, such as polystyrene particles, poly lactic-co-
glycolic acid, nickel oxide nanoparticles and carbon nanotubes,
induce humoral immunity, especially antigen-specific produc-
tion of IgG1 and IgE."*' Epidemiologic studies have consistently
shown that PM can cause asthma and allergies in children.”**

Pesticides

Pesticides are widely used to control pest and pest-related dis-
eases in agriculture, fishery, forestry, and also in the food in-
dustry. There are a number of respiratory diseases and symp-
toms that have been associated with occupational exposure to
pesticides. Impaired lung function has also been found in peo-
ple suffering from allergies who are occupationally exposed to

Table. Possible mechanisms of the effects of environmental toxins on allergic
inflammation

Environmental toxin Effects on allergic inflammation Reference
Endocrine-disrupting
chemicals
Alkylphenols
Octylphenol Suppresses the Th1 immune response 6,10,18
Augments the Th2 immune response
Increases TNF-a expression in DC
Decreases IL-10, IFN-a and IFN-B
expression in DC
Nonylphenol Th2-skewing of DC 15
Increases IL-6 and TNF-a expression in DC
Decreases IFN-y expressionin T cell
Phthalate
DEHP/BBP Enhances Th2 differentiation 22,23
Increases Th2 cytokines
Increases Igk
Decreases IFN-a and IFN-B expression in DC
Decreases IFN-y expressionin T cell
Increases IL-13 expression in T cell
Tobacco smoke Increases IgE sensitization 31-34
Decreases IFN-y expression
Decreases NK cell activity
Increases IL-4 and IL-5
Heavy metals
Lead Decreases IFN-y expression 35
Mercuric chloride  Increases IgE production 36
Increases IL-4 expression
Increases IgE-dependent mediators in
basophil
Diesel exhaust Increases IgE production 38
particles Increases Th2/Th17 cytokine levels
Pesticides Interferes with the Th1/Th2 balance 59

DC, dendritic cell.
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Figure. Possible mechanisms of the effects of environmental toxins on allergic inflammation. Alkyphenols and phthalates alter the function of human plasmacytoid
dendritic cells (pDC) and myeloid DCs (mDC) by changing the expression cytokines, including tumor necrosis factor-a (TNF-al), interleukin (IL)}-10, interferon (IFN)-a
and IFN-B via the epigenetic regulation by histone acetylation as well as trimethylation. Alkyphenols and phthalates change the T cell stimulation function of DCs
that promote Th2 development but suppress Th1 development. Heavy metals suppress Th1 development by inhibiting IFN-y expression and promote Th2 develop-
ment by enhancing IL-4 expression, and increase the production of IgE. Heavy metals also increase IgE-dependent basophil-mediated inflammation. Tobacco smoke
suppresses the Th1 immune response by inhibiting IFN-y expression and the survival of natural killer T cells, and promotes the Th2 immune response by increasing
IL-4, IL-5, and IL-13 expression. Diesel exhaust particles increase IgE levels, and pulmonary and systemic Th2 and Th17 cytokine levels.

pesticides. Several respiratory symptoms, such as coughing,
wheezing and airway inflammation, are commonly observed
in people exposed to pesticides.”**® Exposure to pesticides in
utero has been reported as a risk for childhood asthma.* There
is strong evidence of an association between occupational ex-
posure to pesticides and asthma, especially in agriculture. If the
fetus is exposed to certain pesticides during pregnancy, aller-
gies and hay fever appear to be more common in the offspring,
and especially in the male offspring.”” The potential effects of
early exposure to pesticides may be confounded by the gener-
ally protective effects of in utero exposure to the farmyard envi-
ronment and exposure to livestock. Livestock farmers on farms
had significantly lower incidences of allergic rhinitis than crop
farmers.” There is little antigenicity in chemical pesticides, pes-
ticide-induced or -promoted allergic/atopic asthma. Therefore,
pesticide-induced allergy may be due to the indirect effects of
pesticides on the immune system, such as interfering with the
Th1/Th2 balance, or pesticide-induced oxidative stress. There
is an urgent need for training and education on basic safety
precautions and the proper use of personal protection equip-
ment. This type of intervention could control the incidences of
respiratory disease associated with pesticide exposure in an oc-
cupational setting. We summary the potential immunological
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mechanisms induced by environmental toxicant on allergic in-
flammation in Table and Figure.

CONCLUSION

Allergic diseases affect a significant percentage of children,
and represent the largest group of pediatric chronic diseases in
most countries. A wide range of environmental factors and tox-
ins are associated with childhood allergic diseases. Air pollu-
tion and toxins should be targeted for intervention as they are a
major cause of allergic diseases, particularly in children. Be-
cause most of the risk factors are controllable, disease preven-
tion by avoidance of prenatal and neonatal environmental risk
factors may offer significant promise to reduce the prevalence
of pediatric allergies. However, these established risk factors
cannot account for all the recent increases in immune-depen-
dent pediatric asthma. Therefore, new chemical and drug safe-
ty testing strategies are needed to identify the main environ-
mental factors and to ensure adequate protection of the most
vulnerable i.e., pregnant women and children, from allergy-re-
lated developmental immunotoxicity. Early-life immune dys-
function/imbalance has been recognized as a biomarker for
the risk of pediatric allergy and asthma. Oxidative stress and
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epigenetic mechanisms are also considered as possible factors
in the development of allergic disease and asthma. Further
studies to identify the major environmental risks and to under-
stand how these mechanisms regulate gene-environment in-
teractions will lead us to develop new methods of controlling or
preventing allergic disease in children.
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