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The role of epigenetics in the developmental

origins of allergic disease
Michelle L. North, BSc,* and Anne K. Ellis, MD, MSc, FRCPC*5

Objective: To review current research findings in the field of epigenetics pertaining to the developmental origins of allergic disease.

Data Sources: We examined original research and review articles identified from MEDLINE, OVID, and PubMed that
addressed the topic of interest, using the search terms atopy, allergy, asthma, development, IgE, origins, and cord blood paired
with epigenetic(s). Relevant references from each article were also procured for review.

Study Selection: Articles were selected based on their relevance to the contributory role of epigenetic modifications in asthma
and other atopic diseases.

Results: There is increasing evidence pointing to the influence of prenatal and early life exposures on the development of allergic disease.
A growing body of literature supports the theory that transient environmental pressures can have permanent effects on gene regulation and
expression through epigenetic mechanisms. Histone modifications have been associated with degree of bronchial hyperresponsiveness and
corticosteroid resistance in asthma. Epigenetic mechanisms can operate independently in various cell types; recent studies have suggested a
role in the differentiation of human T cells. Murine studies have revealed that a maternal diet rich in methyl donors can enhance susceptibility
to allergic inflammation in the offspring, mediated through increased DNA methylation. Murine studies have also implicated epigenetically
modified dendritic cells in the transmission of allergic risk from mothers to offspring.

Conclusion: The current literature offers exciting data to support a role for epigenetics in the development and persistence of asthma
and allergic rhinitis. However, further human studies are necessary to explore these mechanisms and assess future clinical applicability.
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INTRODUCTION

Allergic diseases and asthma have increased significantly
during the past quarter century and are associated with
both a genetic predisposition and important environmental
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triggers. Although twin studies have demonstrated a partial
genetic component of allergic disease, differences in DNA
sequence cannot fully explain the relatively sudden in-
crease in the prevalence of allergic disorders or why only
certain individuals are affected.'? Thus, researchers are
now carefully evaluating gene-environment interactions,
particularly during sensitive stages of development, to
elucidate the complex factors responsible for the current
allergy epidemic.

Researchers are now recognizing that many diseases aris-
ing later in life may have prenatal origins. Examples of
disorders under such intense investigation include diabetes
mellitus, cardiovascular disease, and cancer.® Epigenetics is
an emergent field of study that has begun to play a key role
in explaining these key gene-environment interactions.* Epi-
genetics refers to heritable changes in gene expression and
gene expression potential that are not transmitted through
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changes in the actual genetic code.” Mechanisms of epige-
netic regulation have recently been shown to underlie many
complex diseases and thus may hold some answers to explain
the development and heritability of asthma.® In this review,
we provide an overview of epigenetic regulatory mecha-
nisms, highlight key studies that have indicated an important
role for epigenetic modifications in the developmental origins
and pathogenesis of atopy and asthma, and consider the
potential for future applications of these research findings to
the clinical practice of allergy and immunology.

EPIGENICS

Progeny receive their biological inheritance from their par-
ents via 2 main mechanisms: genetic and epigenetic.” Genetic
inheritance is determined when chromosomes from the indi-
vidual’s parents undergo crossover and genetic recombina-
tion during maternal and paternal gametogenesis and are
subsequently combined during fertilization. Epigenetic inher-
itance is represented by DNA modifications, chromatin mod-
ifications, regulatory RNA molecules, and other processes
that are independent of the genetic code but affect gene
expression.’

Epigenetics can be thought of as the “clothing” of the
genome because the DNA is covered with a knitted layer,
akin to a sweater, that can be altered via epigenetic modifi-
cations. Some of this layer changes significantly during de-
velopment or is modified throughout life, whereas other lay-
ers remain relatively permanent. Differences in this layer lead
to differences in gene expression and regulation and can alter
the clinical phenotype associated with the same genetic code.
These changes to the “clothing” of DNA are potentially
heritable from parent to offspring and usually conserved
during somatic cell division, thus maintaining differentiated
cell lineages.* The epigenetic code that is established during
development and changes that occur in specific cell types in
response to the environment may each play a role in the
development of allergies and asthma. Here we focus on the
potential roles of 2 major classes of epigenetic markings:
DNA methylation and histone modifications.

DNA METHYLATION

DNA methylation is the process by which a methyl group,
donated from S-adenosyl methionine, is added to the cytosine
residue of a cytosine-guanine (CpG) dinucleotide (Fig 1).
This reaction is catalyzed by a family of DNA methyltrans-
ferases (Dnmt1, Dnmt2, and Dnmt3).” Dnmt1 is referred to as
a maintenance methyltransferase because this isoform adds
methyl groups to hemimethylated sites during replication.®
The role of Dnmt2 is not as clear because this isoform
exhibits only low levels of activity in vitro.* Dnmt3a and 3b
are de novo methyltransferases.’ The role of active demethy-
lation is currently under debate. A mechanism has been
identified in plants, but whether or not similar mechanisms
operate in mammals is not fully understood.'” The effect of
DNA methylation is generally transcriptional repression, and
this occurs by altering recognition sites for transcription
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Figure 1. Conversion of cytosine to 5-methyl cytosine by DNA methyl-
transferase (Dnmt). The methyl group (CH,) is derived from the cosubstrate
S-adenosyl methionine (SAM), which is converted to S-adenosyl homocys-
teine (SAH).

factors and reducing the accessibility of DNA to the tran-
scriptional machinery’ and hence a lower expression of the
relevant encoded proteins.

HISTONE MODIFICATIONS

Histones are highly conserved basic proteins that interact
with the nucleic acid chain, helping to package the meters-
long human genome efficiently into tightly wound nucleo-
somes. The octameric core of a nucleosome is composed of 2
H2A-H2B heterodimers and a H3-H4 tetramer.'! Linker his-
tone HI binds DNA between the nucleosomes.!! Histone
proteins have flexible N-terminal tails that can undergo a
variety of posttranslational modifications, including methyl-
ation, acetylation, phosphorylation, ubiquitination, sumoyla-
tion, ribosylation, and deimination.” Arginine and lysine res-
idues can be methylated up to 2 and 3 times, respectively,
and combined with the wide variety of other modifications
that are possible, the histone code can become extremely
complex.’

Histone acetylation, in particular, has been studied exten-
sively during the past decade, and it has generally been
associated with transcriptional activation, particularly when
present on H3 or H4 (Fig 2). Histone acetyltransferase (HAT)
enzymes covalently attach acetyl groups to lysine residues.
This promotes transcription, possibly by 2 mechanisms; re-
ducing the strength of the noncovalent interactions through
neutralization of the negative charge on lysine and recruiting
activator proteins to the DNA.* This leads to increased tran-
scription of the relevant encoded protein. Therefore, in-
creased HAT activity leads to increased expression of the
relevant gene. Conversely, acetyl groups are removed from
histones via the histone deacetylase (HDAC) enzymes, lead-
ing to decreased gene expression. Transcriptional activators
and repressors often possess HAT or HDAC activity, respec-
tively, or recruit other proteins with such activity to the
DNA.° In addition, the binding of methyl CpG-binding pro-
tein to methylated sites recruits HDACs.? Thus, DNA meth-
ylation and histone deacetylation can often act in concert to
silence gene expression.
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Figure 2. The octameric core of a nucleosome is composed of 2 H2A-H2B heterodimers of and a H3-H4 tetramer. A, In the transcriptionally active state, CpG
dinucleotides are unmethylated (O) and histones H3 and H4 are acetylated (Ac) by histone acetyltransferase (HAT). B, When transcription is silenced, CpG
dinucleotides are methylated (@) and histones are deacetylated through histone deacetylase (HDAC) activity.

EPIGENETICS AND GENOMIC IMPRINTING
A prime example of the complex coordination between DNA
methylation and changes in DNA-associated proteins is the
intricate chromosomal modifications that occur during fetal
development. The early studies of DNA methylation in mam-
malian development examined the inactivation of 1 of the 2
X chromosomes in the somatic cells of females.'>!* From
these studies, it is now known that DNA undergoes tightly
regulated and sweeping changes in methylation during devel-
opment. Beginning with gametogenesis, there are marked
differences between the chromatin packaging of paternal vs
maternal DNA. Within the sperm, paternal DNA is highly
methylated and condensed with protamine proteins, rather
than histone proteins.!* After fertilization, the paternal ge-
nome undergoes rapid demethylation before cell division.!> In
contrast, the maternal genome is passively demethylated over
several cycles of replication.'> After the paternal and maternal
waves of demethylation, de novo methylation begins to re-
store methyl groups to many of the aforementioned CpG
sites, excluding the CpG islands, which contain high concen-
trations of CpG sites but low levels of methylation throughout
life.® During this epigenetic reprogramming process, allele-
specific imprinting occurs, which may help to explain intrigu-
ing parent-of-origin effects in complex diseases, such as
asthma.'6:7

Epigenetic imprinting is a process by which a gene from
one parent is suppressed through DNA methylation and his-
tone alterations, and yet the other is fully expressed. Early
studies probing the interactions between epigenetic changes
induced in utero and subsequent adult gene expression were

performed using the viable yellow agouti mouse as a model.
The agouti mouse model played an important role in estab-
lishing our understanding of metastable epialleles, which are
alleles that can be variably expressed in individuals despite
identical genotype, due to epigenetic modifications estab-
lished during development.'® In the agouti model, coat color
varies based on the level of methylation of the A* gene, from
a yellow color if the gene is hypomethylated to pseudoagouti
(individual fur strands with variable light and dark brown
bands) if the gene is hypermethylated.'® In this model it has
been demonstrated that a maternal diet supplemented with
methyl donors, including folic acid, vitamin B,,, betaine, and
choline, affects the imprinting of the A" gene, resulting in a
shift toward pseudoagouti coloring.!® Thus, there is the po-
tential for environmental factors, such as maternal nutrition,
to affect epigenetic imprinting and significantly shift the
phenotypes of offspring.

EPIGENETICS AND THE DEVELOPMENTAL
ORIGINS OF DISEASE HYPOTHESIS

The developmental origins of disease hypothesis proposes
that environmental factors can induce permanent changes
during prenatal development, which subsequently affect an
individual’s predisposition to disease later in life.?’ Another
way to view this hypothesis is from the perspective of devel-
opmental plasticity, whereby environmental cues, such as
maternal nutrition and hormones, can influence the way the
genome is expressed in the offspring.® Although the devel-
opmental origins of disease hypothesis is not particularly
new, the discovery of epigenetic modifications and the
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emerging field of epigenetics in general have led to a greater
acceptance of the role of the developmental environment in
mediating the risk of future illnesses, by providing concrete
mechanisms through which these influences may act.?’ Such
an example of how in utero exposures can affect an off-
spring’s development and future disease risk is the con-
sequences of treating pregnant women with the synthetic
estrogen diethylstilbestrol to prevent miscarriage.?! Strong
associations were determined between in utero exposure to
diethylstilbestrol and abnormalities in the reproductive sys-
tem development of female offspring, with resultant reduced
fertility later in life, and a significantly increased risk of
developing a typically rare clear cell adenocarcinoma of the
vagina or cervix at a young age.?! Subsequent murine studies
have revealed links between persistent demethylation of the
c-fos, lactoferrin, and nucleosomal binding protein 1 (Nsbpl)
genes and in utero diethylstilbestrol exposure, suggesting
estrogen imprinting as a potential mechanism behind the
health effects observed in exposed humans.?? Thus, there is
evidence that prenatal exposures can affect phenotypes and
disease risk in animal and human studies.

EPIGENETIC DYSREGULATION IN ALLERGIC
DISEASE

In Utero and Early Life
There are likely windows of vulnerability during prenatal
development and early life when environmental influences
lead to changes to the epigenetic code, with subsequent
important phenotypic effects. In murine studies, placing preg-
nant dams on a methyl donor—enriched diet, including in-
creased folic acid, genistein, zinc, methionine, choline, and
betaine, results in progeny that are more susceptible to the
development of ovalbumin-induced allergic airway inflam-
mation.? The proallergic effect of gestational exposure to a
maternal diet with increased methyl donors was also inherited
through the male line to the next generation.?? Potential
epigenetic mechanisms explaining the increased allergic risk
may involve the silencing through methylation of anti-inflam-
matory genes, such as the runt-related transcription factor 3
(Runx3), a gene known to suppress allergic airway disease.?®
As a consequence of this study, concern has been raised
about current North American recommendations for pregnant
women to receive routine folic acid supplementation to pre-
vent neural tube defects.?* Others have begun to examine the
possibility that maternal supplementation with methyl donors
may affect the incidence of asthma in children.?>* In a
Japanese cohort, no significant relationships were found be-
tween maternal folate or vitamin B intake and the risk of
wheeze or eczema in the offspring.” However, Whitrow et
al*® examined folate supplement intake both early and late in
pregnancy in an Australian birth cohort and found an asso-
ciation, with a relative risk of 1.26, between supplementation
in late pregnancy and physician-diagnosed asthma in the
offspring. Further studies are necessary to determine whether

there is indeed an increased risk and to examine the risk-
benefit relationship.

There is also evidence that certain prenatal exposures that
are well-established risk factors for childhood atopy and
asthma, such as maternal smoking, may act at least partly
through epigenetic mechanisms.?” Global and gene-specific
changes in methylation have been demonstrated in children
exposed to tobacco smoke in utero.” In addition, grandma-
ternal smoking during pregnancy has recently been associated
with asthma in the grandchildren, suggesting that some en-
vironmental effects lead to a trans-generational inheritance
legacy.?® There is also emerging evidence that prenatal expo-
sure to maternal stress may increase asthma risk in the off-
spring, although the mechanisms are not currently known.?
An epigenetic alteration recently associated with maternal
stress during in utero development is increased methylation
of the human glucocorticoid receptor gene (NR3CI).*° In
addition, maternal allergic rhinitis symptoms during early
pregnancy have been associated with allergic rhinitis in the
offspring but not asthma, allergic dermatitis, or food allergy
in a retrospective cohort.’! Therefore, gene-environment in-
teractions modify the ensuing risk of allergic disease in the
offspring, and epigenetic dysregulation may be one of the key
players in the developmental origins of disease.

Epigenetics in Established Allergic Disease
In addition to the role of epigenetic modification and dys-
regulation in the developmental origins of asthma and other
atopic conditions, there is mounting evidence that epigenetic
alterations are contributory to established asthma. Ito et al®
examined HATs and HDACS in bronchial biopsy specimens
from patients with asthma and healthy controls. Patients with
asthma exhibited lower HDAC1 and HDAC?2 protein expres-
sion, along with reduced total HDAC activity.?> HAT activity
was also found to be perturbed because the authors demon-
strated greater HAT activity in the asthmatic patients.*? Sim-
ilar alterations were also observed by Cosio et al*® in alveolar
macrophages collected via bronchoalveolar lavage. The au-
thors demonstrated decreased HDAC activity and increased
HAT activity in asthmatic patients compared with controls.*
This would lead to an increase in histone acetylation and a
decrease in deacetylation, potentially resulting in the activa-
tion of genes relevant to the asthmatic phenotype.
Alterations in histone-modifying enzymes have also been
demonstrated in peripheral blood mononuclear cells (PBMCs). Su
et al’** examined the ratio of HDAC to HAT activity in
PBMC:s from asthmatic children with bronchial hyperreactiv-
ity and nonasthmatic controls. The authors demonstrated sig-
nificantly decreased HDAC activity, increased HAT activity,
and a consequent skewing of the HDAC:HAT ratio in the
asthmatic children.* The authors also determined that the
HDAC:HAT ratio significantly correlated with the degree of
bronchial hyperreactivity.** However, this is merely a docu-
mentation of an association between HDAC:HAT ratio and
asthma severity and as of yet cannot be shown to prove
causality.
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Epigenetics and T-Cell Phenotype

The activation and lineage commitment of T cells involve
epigenetic modifications and chromatin remodeling in spe-
cific regions of the genome. For example, the expression of
interleukin 4 (IL-4) messenger RNA is low in naive T cells
and on antigen presentation is silenced under Ty;1-polarizing
conditions and overexpressed during T2 polarization.’> It
has been established that that T2 polarization involves dem-
ethylation and increased histone acetylation of the /L-4 gene,
mediating the transition from closed to open chromatin con-
formation.*® The maintenance of the open chromatin confor-
mation and increased transcription levels are then dependent
on the binding of polarizing transcription factors, such as
STAT-6 and GATA-3, which upregulate IL-4 production, or
alternatively STAT-4 and T-bet, which in turn upregulate
interferon y production.® Interactions between Dnmts and
methyl CpG-binding proteins are integral in silencing appro-
priate cytokine genes during differentiation. For example,
Dnmtl and MBD2 work in concert to silence /L-4 expression
in cells of the Tyl lineage, whereas GATA-3 binding to the
IL-4 promoter prevents the silencing effects of Dnmtl and
MBD?2 in the T2 lineage.*

What is most relevant to determine, however, is whether
the overall reduction in HDAC activity reported in asthmatic
patients is actually involved in initiating or maintaining the
Ty2 phenotype. To address this, Su et al have demonstrated
that inhibition of HDAC activity in PBMCs increases the
ratio of T2 cytokine production to Tyl cytokine production
on stimulation ex vivo.?” The authors also demonstrated that
cytokine secretion was largely derived from antigen-experi-
enced memory T cells.” Recently, Grausenburger et al®
selectively deleted HDACI in murine T cells and demon-
strated increased Ty2-mediated inflammation in vivo. T cells
lacking HDAC1 demonstrated increased cytokine production
regardless of Tyl vs Ty2 polarization,® indicating a role for
HDACI in controlling cytokine expression levels in T cells.
These findings appear to be consistent with the observation of
decreased HDAC activity in asthmatic patients; however,
more studies are needed to understand the roles of these
enzymes in T-cell phenotypes.

Regulatory T cells (Tregs) are a special subset of T cells
that suppress immune responses and promote tolerance to
self-antigens. Treg numbers have been shown to be reduced
in the bronchoalveolar lavage fluid of asthmatic patients,
suggesting that their ability to suppress the Ty;2 response may
be impaired.* The transcription factor forkhead box p3
(FOXP3) is essential for the development of these cells,
which produce the anti-inflammatory cytokines transforming
growth factor 3 and IL-10.%° It has recently been shown that
FOXP3 expression is controlled by methylation at a CpG
island containing the binding site of cyclic adenosine mono-
phosphate response element binding protein/activating tran-
scription factor.*! Environmental exposures may also alter
Treg function through epigenetic modifications at the FOXP3
promoter. Recently, Nadeau et al*> examined Treg function

and FOXP3 methylation in relation to ambient air pollut-
ion exposure. They demonstrated hypermethylation of the
FOXP3 locus with associated Treg functional impairment in
asthmatic patients from Fresno, California, an area with high
annual ambient air pollution levels, compared with asthmatic
patients from Stanford, California, an area with relatively low
air pollution levels.* Thus, epigenetic modifications may
play a key role in the development and functioning of Tregs
and may also be modified by environmental factors.

Epigenetic Modifications in Dendritic Cells and Allergic
Disease Risk

Another specific cell type that is known to be of importance
in asthma and allergy and may be altered in function by
epigenetic modifications is the dendritic cell. Dendritic cells
play an important role in innate immunity and as antigen-
presenting cells in the initiation of an adaptive immune re-
sponse.*> Mucosal dendritic cells in the lung encounter anti-
gens from the external environment and migrate to the lymph
nodes, where they can activate naive T cells.*? It has been
hypothesized that dendritic cells may be contributory to the
increased asthmatic risk attributed to maternal atopy.** Fedu-
lov and Kobzik® recently used a murine model to examine
the potential role of dendritic cells in the increased risk of
allergy to offspring born to allergic mothers. The authors
demonstrated hypermethylaton of DNA in splenic dendritic
cells harvested from pups born to mothers previously sensi-
tized and challenged with ovalbumin.*> Notably, gene expres-
sion changes were not detected in these cells.* However, the
dendritic cells from pups of allergic mothers exhibited in-
creased antigen presentation activity, and adoptive transfer of
these cells into offspring from nonallergic mothers trans-
ferred the increased susceptibility to allergic disease to the
recipients.* This suggests that even when gene expression in
dendritic cells is the same regardless of atopic status, altered
epigenetics may have encoded changes in gene expression
potential that translated into functional differences when
these cells are exposed to allergens. However, these results
await confirmation in human studies.

Epigenetics and Asthma Therapy

Although the field of epigenetic research is contributing to a
better understanding of the mechanisms behind allergic dis-
ease, it is not yet certain if these discoveries will lead directly
to novel antiallergic treatments. However, it is becoming
apparent that some therapies already in use likely exert their
effects at least partly through epigenetic mechanisms. For
example, Ito et al*? found that HAT activities were elevated
in asthmatic bronchial biopsy specimens of untreated asth-
matic patients but were reduced to normal levels in the
asthmatic patients receiving inhaled corticosteroids. Con-
versely, HDAC activity was increased in biopsy specimens
from asthmatic patients treated with inhaled corticosteroids,
compared with untreated asthmatic patients, although the
activity still remained reduced compared with healthy con-
trols.?? Corticosteroids have also been reported to attenuate
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the repression of HDACI in alveolar macrophages.** Similar
to the findings in bronchial biopsy specimens, the elevation
of HAT activity was attenuated in macrophages from asth-
matic patients receiving corticosteroid therapy.* In addition,
Cosio et al demonstrated that a steroid treatment intervention
produced an increase in HDAC activity in PBMCs of mild
asthmatic patients; however, a similar treatment protocol in
severe asthmatic patients failed to produce an effect.® In a
subsequent study, HDAC activities were shown to be signif-
icantly lower in PBMCs isolated from the severe asthmatic
patients compared with nonsevere asthmatic patients and to
correlate directly to the degree of steroid hyporesponsive-
ness.* In patients with asthma who smoke, a group known
to be less responsive in general to steroid treatment, a
significantly greater reduction of HDAC activity in bron-
chial biopsy specimens has been reported.*” Thus, there
appears to be a relationship between HDAC activity and
steroid responsiveness.

Reduced sensitivity to the anti-inflammatory effects of
corticosteroids also represents a clinical challenge in the
management of chronic obstructive pulmonary disease
(COPD).*8 The activity and expression of HDAC2 have been
shown to be reduced in COPD and correlated to disease
severity.* Oxidative stress may reduce HDAC2 activity
through a phosphoinositide-3-kinase-delta—mediated mecha-
nism, which is potentially reversed by treatment with theoph-
ylline. Recent clinical trials in both COPD and asthma have
demonstrated that low-dose theophylline in combination with
inhaled corticosteroids may improve pulmonary function and
reduce inflammation in both groups.*

CONCLUSIONS

Epigenetic changes, including DNA methylation and histone
modifications, play an essential role in fetal development,
gene-environment interactions, and the maintenance of cell
lineage. It has been shown that the prenatal environment can
have lasting effects on the phenotype of the offspring, medi-
ated at least in part through epigenetic modifications. Murine
studies have demonstrated a link between epigenetics and the
developmental origins of increased allergic risk. However,
evidence in humans is limited at the present time. There is
current evidence that histone acetylation/deacetylation is dys-
regulated in asthma and COPD and that DNA methylation
plays an important role in T-cell differentiation. Although
further studies are clearly necessary to determine the specific
disease processes mediated by epigenetic modifications, the
currently available literature offers exciting data to support
the importance of epigenetic alterations in the development
and manifestations of atopic diseases, such as asthma and
allergic rhinitis.
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