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Purpose of review

Epigenetics in asthma and allergy

Epigenetic mechanisms such as DNA methylation, histone modification and microRNA control the
accessibility of the genome and manage gene transcription in response to the environment in a heritable
fashion. Recent evidence suggests that these mechanisms play a role in allergy and asthma.

Recent findings

Here, we give an overview on recent developments in the field of asthma and allergy epigenetics with a
special focus on the role of DNA methylation in these diseases, where finally, first pilot studies investigating
differences in methylation pattern in patients have been published. Although these studies have to be
interpreted with caution, it seems that methylation is affected by environmental stimuli such as prenatal
smoke exposure and farming environments, whereas asthma status is associated with change in

methylation in early childhood.

Summary

Early stage data from population studies indicate a role of methylation differences in asthma and allergy,
whereas the exact impact of these epigenetic mechanisms on disease development needs to be elucidated

further.
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‘Epigenetics’, a term that can be interpreted as ‘the
mechanisms above or in addition to genetics’, is
nowadays defined as the study of heritable changes
in gene expression or cellular phenotype caused by
mechanisms that do not alter the nucleotide
sequence [1]. Epigenetic mechanisms in humans
are posttranslational modifications of histones,
DNA methylation and the expression of noncoding
RNAs [2,3]. On the contrary, sequence mutation
may affect epigenetic signatures, for example by
creating or destroying methylation sites. Environ-
mental influences such as cigarette smoke may lead
to permanent but modifiable changes in epigenetic
patterns. Thus, both genetics and the environment
influence epigenetic mechanism that in turn can
contribute to the development of complex diseases
[4-6].

This review builds upon and extends our
previous reviews [4,5] and will concentrate on
assessing the current knowledge and recent publi-
cations in the last 12 months (Table 1)
[7=,8,9%,10,11",12",13,14"",15%] on the association
of DNA methylation with asthma and allergy,
whereas further reviews in this special issue of
Current Opinion in Allergy and Clinical Immunology deal
with Histone modification and miRNA in asthma.
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DNA methylation is the major, but not the only
modification of DNA so far identified in mammals.
Methylation occurs after replication and is almost
exclusively affects position five of the pyrimidine
ring of cytosines in the context of the dinucleotide
sequence CpG [16]. Approximately 75% of mamma-
lian CpG dinucleotides are methylated. Clusters
enriched in CpGs (CpG islands) are found in locus
control regions, promoter regions and first exons of
many genes. In contrast to heavily methylated single
CpGs throughout the genome, CpG islands are
generally much less methylated, potentially allowing
transcription [17]. DNA methylation is tightly con-
trolled in a tissue and development-specific manner.
Possible trigger mechanisms initiating methylation
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KEY POINTS

o Methylation signatures are affected during early life by
the environment such as smoke exposure and growing
up on farms.

e Genetic variations in asthma candidate genes influence
methylation and methylation plays a role in regulating
accessibility and expression of asthma
candidate genes.

o Methylation between lung epithelial cells and
peripheral blood cells differs in approximately 10% of
measured CpG sites.

e Important transcription factors in T and B cells are
affected by methylation, potentially affecting the
development of an allergy skewed immune response.

include recognition of specific target DNA sequences,
RNA interference, certain chromatin structures
induced by histone modifications and other
protein—protein interactions [18,19]. In general,
active demethylation of a promoter region is necess-
ary to allow gene transcription. Although CpG
islands were within the focus of early methylation
studies, specially in cancer research, it became more
and more obvious that not only CpG islands but also
regions attached to CpG islands (CpG shores) are
functionally important in methylation control. At
this point, it seems that in noncancer complex dis-
eases, CpG shores are at least as important as CpG
islands in transferring methylation effects.

The development of asthma is strongly influenced
by the environment; in addition, these diseases also
have a strong genetic component [20]. Air pollution
such as active and passive cigarette smoke and
exposure to diesel exhausts increase the risk for
asthma, although being born into and growing up
in families dedicated to traditional farming protects
from disease development. Inflammation, airway
remodeling and abnormal epithelial cell responsive-
ness are key features of asthma [21]. In all these
mechanisms, timed and tissue-specific gene expres-
sion is important and, such as in the case of inflam-
mation, the balance of proinflammatory and anti-
inflammatory mechanisms may be influenced by
differential and delicately regulated gene expres-
sion. Thus, epigenetic mechanisms may play an
important role in the pathogenesis and heritability
of asthma and allergy. Epigenetics may contribute to
heritability [2,6,22] and it has a great potential to
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answer many open questions in the pathogenesis of
asthma. Phenomenons in allergy and asthma poten-
tially explained by epigenetics are as follows:

(1) Phenotypic discordance (25% in asthma)

(2) Tissue-specific effects and symptoms

(3) Difference in age of onset of symptoms

(4) Fluctuation of symptoms

(5) Sex effects

(6) Parent-of-origin effects

(7) Sporadic occurrence of disease

(8) Transgenerational effects of environmental
exposures

In a simple, one-dimensional model, inflamma-
tory genes are shut down by methylation of their
promoter regions and, thus, increased methylation
leads to decreased inflammation and less disease.
However, not only proinflammatory genes are
affected by methylation but also regulatory regions
within the genome (such as locus control regions)
and genes inhibiting inflammation. Thus, epige-
netics works in a delicately balanced network of
gene networks, tissue-specific effects and subtle
timing of epigenetic events. As a consequence, it
seems important to investigate the methylation
state of larger stretches within genes instead of single
CpG islands in the promoter of a single gene; to study
methylation extensive loci containing a gene region
rather than one gene of interest within its narrow
intron/exon boundaries or even methylation pat-
terns of gene networks or the whole genome; to assess
cell and tissue specific effects of methylation; to take
environmental effects and disease-specific changes of
methylation into account when studying epigenetic
effects; and finally to consider the dynamic nature of
methylation over time (Table 1).

Both T cells and B cells are thought to be involved
in allergy and asthma pathogenesis. The differen-
tiation and activation of type 2 T helper cells (TH2)
is a hallmark of experimental allergy and asthma.
DNA methylation plays an important role in T-cell
differentiation and regulation [23,24]. Methyla-
tion of the intergenic region between IL4 and
IL13 [25] suppresses the expression of TH2 signature
cytokines in TH1 cells. In TH2 cells, methylation of
IFNG is increased [26], for example inhibiting the
binding of the activation AP-1 transcription factor
in the IFNG promoter [27]. At the same time,
the IL13/IL4 region is demethylated allowing the
binding of activating transcription factors [25].
Simultaneously, histones in the IL13/IL4 region
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become acetylated [28] and the chromatin structure
of the locus opens [29]. CpG methylation in the IL4
and IFNG promoters was reported to differ in patients
with asthma and without asthma after stimulation
with phytohaemagglutinin in a small first study [30]
including three cases and three controls. When 21
monozygotic twin pairs discordant for asthma were
assessed for the methylation of FOXP3 (13 CpGs) and
six promoter CpGs in IFNG in T cells, increased
methylation of these loci in regulatory T cells (Treg)
and effector T cells (Teff) were found to correspond to
adecreased gene expression, respectively [13]. Assess-
ing patients with established asthma, it was not
possible to discriminate if methylation differences
are a prerequisite or consequence of asthma. Repro-
ducible differences in DNA methylation profiles at
specific loci in B lymphocytes between participants
with house dust mite allergy, aspirin-intolerant
asthma and controls were also reported [31].

In a genome-wide analysis of methylation
(GWAM) analysis linked to gene expression pro-
filing in blood, Martino et al. [15%] were able to
demonstrate that 1188 differentially methylated
loci were associated with a change in expression
in 599 genes in children. When T cells were stimu-
lated, over 630 genes were induced but this was not
associated with any significant change in DNA
methylation. This suggests that DNA methylation
has a role in the consolidation of T-cell-specific gene
expression but is of limited importance in short-
term T-cell responsiveness.

Methylation signatures can either be tissue-specific
or globally affect all cells. For allergy, as a systemic
condition, studying epigenetic and methylation pat-
terns in blood immune cells may be feasible but for
asthma, as alung disease with a systemic component,
the target of epigenetic mechanisms is less clear.
Although disease-specific methylation signatures
may be found in lung epithelial or immune cells
only, these cells are difficult to collect, specially in
children. A small but interesting study [14™] has now
compared tissue-specific DNA methylation of airway
epithelial cells to peripheral blood mononuclear cells
(PBMC:s) in 25 children categorized as atopic (n=9),
atopic asthmatic (n =4), nonatopic asthmatic (n=235)
or healthy controls (n=7). Differences in methyl-
ation between airway epithelial cellsand PBMCs were
found for 80 (out of 1027) CpG sites across 67 out of
671 investigated genes. DNA methylation signatures
of PBMCs from asthmatic, atopic and healthy indi-
viduals were compared, but no CpG sites were found
to be differentially methylated between these groups.
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Also in airway epithelial cells, DNA methylation
profiles of patients with asthma compared with
healthy controls and atopics compared with healthy
controls did not differ. Only a comparison between
methylation of airway epithelial cells from asthmatic
and atopic children showed eight differentially
methylated CpG sites from eight different genes.
Overall, this study is explorative in nature with few
individuals using a methylation panel that is not
tailored for studying complex diseases. However, it
shows that methylation differs between PBMCs
and airway epithelial cells in a limited number of
loci and genes (less than 10%) and one may con-
clude that PBMCs may have some, but not the
final, value in studying methylation effects in
asthma.

Exposure to environmental tobacco smoke is the
single most important risk factor for the develop-
ment of asthma in childhood. Several studies associ-
ate in-utero tobacco smoke exposure, smoking of
the mother previous to pregnancy and even smok-
ing by the grandmother to occurrence of asthma in
the child or the grandchild, respectively [32].
Parental smoking affects the methylation of CpGs
in the vicinity of numerous genes investigated in
DNA collected from buccal cells of children [33].
Methylation was increased for AluYb8 and LINE1
repetitive elements and decreased for the promoter
regions of AXL and PTPRO genes. A genome-wide
methylation analysis of approximately 27 000 CpGs
in 14000 gene promoter regions identified differ-
ences in DNA methylation related to tobacco smok-
ing when smokers and nonsmokers were compared.
The top association hit in this GWAM was located
and replicated in the vicinity of F2RL3 that codes for
a protease-activated receptor-4. These findings were
made in blood cells suggesting that epigenetic
mechanisms of lung-related inflammation may
not only be observed in pulmonary cells [34]. In a
recent GWAM analysis of 473 844 CpG sites [7*], in
more than 1000 children, maternal plasma cotinine
measured during pregnancy was associated with
DNA methylation. Differential DNA methylation
at epigenome-wide statistical significance was found
for 26 CpGs in 10 genes. Of these, methylation
differences in AHRR, CYP1A1 and GFI1 were repli-
cated in a much smaller but independent sample of
36 individuals. Although AHRR and CYPIAI play
a role in the aryl hydrocarbon receptor signaling
pathway, which mediates the detoxification of the
components of tobacco smoke, GFI1 cannot easily
be connected to smoke-related mechanisms.
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Pre and postnatal exposure to farm life reduces the
risk of asthma and allergies during childhood in
relationship to the amount of microbial diversity
in these environments [35]. There is some evidence
that gene by environment interactions occur in this
setting and it has been reported that endotoxin
levels affect the association between CD14 promoter
polymorphisms and IgE levels in a dose-dependent
manner [36]. Methylation of the gene locus seems to
influence CD14 expression and levels of soluble
CD14 [37] and hypermethylation alters the effect
of promoter polymorphisms in CD14 on gene
expression during childhood. In a recent pilot study
[9%] from our laboratory in the European Protection
Against Allergy: Study in Rural Environments birth
cohort we assessed in 67 children if epigenetic pat-
terns in asthma candidate genes are influenced by
farm exposure, and change over the first years of life
and whether these changes may contribute to the
development of asthma. DNA methylation status of
10 asthma and allergy candidate genes was analyzed
in cord blood and DNA extracted from whole blood
at the age of 4.5 years in children living on farms and
arural control group not living on farms as well as in
patients with asthma and without asthma from the
same population. Three groups of genes were
analyzed: genes that were associated with asthma
in the first genome-wide association studies on
asthma and IgE, genes involved in Th2 development
and genes involved in T regulatory effects. In cord
blood, regions in ORMDL1 and STAT6 showed hypo-
methylation whereas regions in RAD50 and IL13
were hypermethylated when DNA from farmers’
was compared to nonfarmers’ children. Changes
in methylation over time occurred in 14 gene
regions. Interestingly, these differences clustered
in the genes highly associated with asthma (ORMDL
family) and IgE regulation (RADS0, IL13 and IL4),
but not in the T-regulatory genes (FOXP3, RUNX3).
Although acknowledging the explorative nature of
this small study, there is some evidence that DNA
methylation patterns in early childhood change
significantly in specific asthma and allergy-related
genes in peripheral blood cells. Early exposure to
farm environment seems to influence methylation
patterns of distinct genes in cord blood.

It seems possible that epigenetic patterns are inher-
ited, challenging the dogma that DNA alone is the
inherited blueprint of life. Recent studies in rats
suggest that effects of nicotine exposure during
pregnancy in FO animals reduce lung function not

66 www.co-allergy.com

only in the F1 but also the F2 generation of offspring
[38™"]. At the same time, overall histone acetylation
in the lungs and DNA methylation in the testis
and ovaries of these animals are altered. Almost
all these effects were prevented when FO rats
received the ‘nicotine neutralizer’ rosiglitazone.
These data may shed new light on epidemiological
observations that maternal smoking in grand-
mothers increases the asthma risk in grandchildren
irrespective of the smoking status of the child’s
mother [32]. However, these results cannot finally
discriminate between epigenetic and genetic effects.
Recent studies in plants indicate that 30% of all
differentially methylated regions in the (plant)
genome are influenced by genetic variants in
the locus [39]. As suggested by Eichten and Borevitz
[40] ‘... there are two extreme possibilities as to the
potential relevance of heritable epigenetic information.
The first is that epigenetic information is fully controlled
by the genetic content of an individual. In this case,
epigenetic profiling would be largely redundant because
any epigenetic status is correlated with the individual’s
genotype. The second case is that epigenetic variation
forms within a uniform genetic background, allowing an
additional level of heritable information to exist in an
individual. These new ‘epialleles” may be akin to single
nucleotide polymorphisms in the genome that are rare in
a population, but may be common in a family.” At this
point, both hypotheses seem possible as well as their
parallel existence.

When methylation patterns of approximately
1500 CpG sites were studied in the blood of children
with wheeze before the age of 6, methylation sig-
natures differed compared with healthy individuals
[11™"]. Specifically, CpG methylation in the ALOX12
gene was associated with wheezing in the discovery
and replication cohort. In addition, genetic vari-
ation in the locus influenced ALOX12 methylation
[11"*]. The interplay between genetic variants and
methylation was also assessed for the major asthma
susceptibility locus in 17q21, where polymorphism
and methylation seem to interact in determining
expression of multiple genes in the locus [41]. In a
turther small study [8] it was suggested that meth-
ylation in the 17q21 locus is age and sex-specific,
correlation with sex and age specific effects of genetic
associations of the locus. In the ADRB2 gene, coding
for the major receptor for bronchodilator therapy
in asthma, methylation of a CpG site in the
S'untranslated region was associated with asthma
severity in 182 children [12"]. However, as in many
of the current explorative studies, neither gene
expression analysis nor replication was performed.

At this point, research groups and consortia in
the United States, the United Kingdom and Europe,
including ours, have GWAM data available from
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large cohorts of patients with allergy and asthma,
which are not yet published. However, also these
studies will leave open questions such as how meth-
ylation patterns affect global gene expression or
how genes, environmental stimuli and methylation
interact. It will be crucial to answer the question of
which tissue to analyze at which time point for a
disease like asthma. Most likely, there will be small
steps forward but it can be expected that completely
new disease mechanisms may be discovered in the
process. It will be the task of next generation system
biology analyses to put all these data into perspec-
tive.

As epigenetic mechanisms are inducible and revers-
ible, it would be highly appreciated if drugs were
available to explicitly reprogram disease-specific
epigenetic changes. Controlling epigenetic pro-
gramming even before disease occurs may be
achievable. Studies in a mouse model indicate that
prenatal epigenetic modulation could prevent
the development of asthma later in life. Prenatal
administration of the Gram-negative, farm-derived
Acinetobacter lwoffii isolate F78 prevented the devel-
opment of airway inflammation in an Ovalbumin
(OVA) mouse model [42]. F78 administration also
affected H4 acetylation at INFG and IL4 loci and
pharmacological inhibition of histone acetylation
abolished protective effects. Interestingly, the INFG
promoter region also showed increased methylation
after OVA challenge in CD4" T cells and inhibition
of DNA methyl transferases prevented the methyl-
ation of the IFNG locus, decreased Th2-like cytokine
production and abrogated the development of an
asthma like phenotype in the OVA model [43"].

Pharmaceutical industry massively funds the
development of novel epigenetic targets [44"], not
only for cancer but but also for complex diseases.
Together, more than 30 epigenetic drugs are in
phase I and phase II studies, whereas only one has
reached phase III so far. Of these, only one drug is
aimed at DNA methylation whereas all others target
histone-related mechanisms [44"]. Because modu-
lation of the epigenome has the potential to repro-
gram all cells, adverse effects may only become
apparent over longer periods of time or even over
generations. Strategies to investigate and avoid such
effects will be needed.

This review highlights the potential involvement of
epigenetics in allergy and asthma. Recent studies

1528-4050 © 2014 Wolters Kluwer Health | Lippincott Williams & Wilkins
Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Epigenetics in asthma and allergy Kabesch

_ S o st

_// ‘/j \/j aIIergy
t

Genetics

Environment

Relationship of environment, genetics and disease
and epigenetics. Note that methylation may influence disease
development but that disease status may also impact on
epigenetic mechanisms and change methylation.

indicate that environmental influences leave marks
on methylation signatures that may even be inher-
ited over generations. How the genome and the
epigenome interact is yet unclear. First studies in
humans indicate that changes in methylation pat-
terns over time are associated with disease develop-
ment but that disease itself can also impact on
methylation status and other epigenetic mechan-
isms (Fig. 1). There is a potential for epigenetics to
discover completely novel disease mechanisms in
allergy and to understand those mechanisms better
that we have already identified such as the develop-
ment of allergen tolerance.
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