
REVIEW

Recent findings in the genetics and epigenetics of asthma and allergy
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Abstract
In asthma and allergy genetics, a trend towards a few main topics developed over the last 2 years. First, a number of studies have
been published recently which focus on overlapping and/or very specific phenotypes: within the allergy spectrum but also
reaching beyond, looking for common genetic traits shared between different diseases or disease entities. Secondly, an urgently
needed focus has been put on asthma and allergy genetics in populations genetically different from European ancestry. This
acknowledges that the majority of new asthma patients today are not white and asthma is a truly worldwide disease. In
epigenetics, recent years have seen several large-scale epigenome-wide association studies (EWAS) being published and a further
focus was on the interaction between the environment and epigenetic signatures. And finally, the major trends in current asthma
and allergy genetics and epigenetics comes from the field of pharmacogenetics, where it is necessary to understand the suscep-
tibility for and mechanisms of current asthma and allergy therapies while at the same time, we need to have scientific answers to
the recent availability of novel drugs that hold the promise for a more individualized therapy.
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Introduction

Asthma and allergy genetics were dominated by genome-wide
association studies (GWAS) for more than a decade. Starting
with the first GWAS on asthma by our GABRIEL consortium
in 2007 [1], numerous publications followed, exploring genet-
ic susceptibility for elevated total IgE [2], allergic sensitization
[3], atopic dermatitis [4], and allergic rhinitis [5] as well as
food allergy [6]. Over the years, the consortia investigating
these phenotypes grew bigger and bigger, allowing to find
marginal associations of odds ratios lower than 1.2, but still
with strong p values, due to the sheer force of numbers. The
last of these studies included well over 100,000 cases [7].

This era has now come to an end. Common genetic traits
for common diseases have been largely identified. However,
missing heritability in asthma and allergy is still high, and
even ever-larger numbers of patients in GWAS studies will
not increase knowledge on genetic susceptibility as the tech-
nique as used today has reached its limit of resolution.

On the other hand, the analysis of epigenetic modifications
in allergic diseases has recently attracted substantial interest, as
epigenetic modifications might mediate the effects of the envi-
ronment on the development of or protection from allergic dis-
eases as well as constitute a novel class of biomarkers and
potentially provide new therapeutic targets [8, 9]. Epigenetics,
which includes DNA methylation, posttranslational histone
modifications, nucleosome occupancy, and small and long non-
coding RNAs, may indeed hold the key to explaining the high
degree of plasticity of the immune response throughout life.

Rather than focusing on ever larger studies of ill-defined
phenotypes (such as asthma per se and general allergic sensi-
tization), the field is currently moving into new directions and
towards new system-medicine technologies with artificial in-
telligence looming on the horizon to make use of massive
multi-layer data derived from genomic, epigenomic,
transcriptomic, and metabolomics approaches that are collect-
ed now. In this review, we focus on current trends in genetics
and epigenetics of allergic diseases.
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Current trends in asthma and allergy genetics
and epigenetics

In genetics, a trend towards three main topics in asthma and
allergy genetics developed over the last 2 years. Studies on
overlapping and/or very specific phenotypes within the aller-
gy spectrum but also reaching beyond, looking for common
genetic traits shared between different diseases or disease en-
tities. Furthermore, asthma and allergy genetics in populations
genetically different from European ancestry have now been
performed. This is extremely necessary, as the majority of new
asthma patients today are not white and asthma is a worldwide
disease with more than 230 million people affected across all
races and continents according to WHO. In epigenetics, sev-
eral large-scale epigenome-wide association studies (EWAS)
have been published and recent studies focus on the interac-
tion between the external and internal (e.g., the microbiome)
environment and epigenetic signatures extending our knowl-
edge to novel environmental factors and mechanism of
disease.

Finally, the major trend in current asthma and allergy that
unites genetics and epigenetics, comes from the field of phar-
macogenetics, driven by the recent availability of novel drugs
that hold the promise for a more individualized therapy.
However, these biologicals come at a prize that makes it fi-
nancially necessary for the health system of almost any coun-
try to better understand the mechanisms of disease and to
better manage the distribution of these new drugs specifically
to those in greatest need and likely to benefit.

The genetic susceptibility for more specific asthma
and allergy phenotypes

About 100 years ago, it was first noticed that atopic diseases
such as asthma, allergic rhinitis, and atopic dermatitis occur
overproportionally frequent in some families and even in the
same patient. It came quite as a surprise, when the first GWAS
were published on asthma [1], total IgE [2], atopic dermatitis
[4], allergic sensitization [3], and allergic rhinitis [5], that
many hits and genes for these diseases were not shared. It took
some time and much larger datasets to identify the indeed
existing overlaps between allergic diseases (Fig. 1). Finally,
in 2018, on the basis of the UK biobank and an enormous
effort in genotyping and bioanalysis, about 30 shared genetic
loci were identified across the genome [10]. When expression
analyses were performed on respective hit genes, a vast ma-
jority of these genes were found to be expressed in the skin but
not so much in other tissues, suggesting that the skin could be
the primal battleground for the development of the different
allergic diseases. It could be hypothesized that genetic alter-
ations of the skin barrier may facilitate an unnatural presenta-
tion of allergens to the immune system and thus, starting

allergic reactions, later expressed in different organs such as
the skin, the airways, and the gut (or combinations thereof).

A further recent study not focusing on pleiotrophy but gene
environment interaction is also worth mentioning in this con-
text. Traffic-related air pollution was found to be associated
with atopic dermatitis in children in the presence of a genetic
risk background [11], which was previously already associat-
ed with the development of asthma in connection with air
pollution from environmental tobacco smoke and traffic relat-
ed air pollution [12]. Calculating weighted genetic risk scores
from a total of nine polymorphisms in four candidate genes
(GSTP1, TNF, TLR2, and TLR4) were associated. These find-
ings were based on 6 birth cohort studies from Europe and
Canada and suggest that interaction between genetic suscep-
tibility for inflammation and increased reaction to pollution on
the one hand, and early life exposure to traffic on the other, can
increase the risk for atopic dermatitis in children, while such
an association between air pollution and atopic dermatitis was
not observed for those without genetic susceptibility.
Although not investigated in this study, such an association
could also be expected for asthma, taken the data from Zhu
[10] into account. Thus, new and exciting evidence from ge-
netics points towards the skin to have a gatekeeper function
for the development of allergic diseases in general on the basis
of environmental exposures and genetic susceptibility.

Genetic pleiotrophy for comorbidities with asthma
and allergy

Pleiotrophy was also identified between asthma and a number
of other diseases (Fig. 2). The most consistent finding in asth-
ma genetics is the association between asthma starting in
childhood and a risk locus on chromosome 17q21.
Interestingly, that same region was furthermore associated
with ulcerative colitis [13] and Crohn’s disease [14] and sus-
ceptibility to type I diabetes and rheumatoid arthritis were
reported while we did not find an association with multiple
sclerosis [15]. In large twin populations from Scandinavia,
genetic traits for asthma overlapped with those from different
affective disorders such as major depression disorder, primary
anxiety disorder, and most of all, neuroticism [16]. Using so-
phisticated bioinformatics tools, also an overlap between gene
networks contributing to asthma and hypertension based on
genetic databases and bioinformatic ranking algorithms was
identified [17]. The genes most likely in the center of the
asthma and hypertension interaction were IL10, TLR4, and
CAT, suggesting that mechanisms of adaptive and innate im-
munity are shared in the development of both diseases. In
addition, association between asthma and celiac disease was
observed, but only when a genetic background for asthma in
the family was present in children with an atopic form of
asthma [18]. The overlapping association clustered to the
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HLA system, known to play a role in celiac disease for a long
time and linked to asthma in a recent massive scale GWAS [7].

Asthma and allergy genetics in non-Caucasian
populations

First GWAS on asthma and allergic diseases were all per-
formed in Caucasian populations, and therefore, it was not
clear if these results could easily be transferred to populations

of other genetic backgrounds or may even be of any use in
these populations. First GWA studies in African American
populations followed and the results suggested that indeed, a
somewhat different genetic architecture for allergic diseases
may be present [19]. In mostly small and underpowered stud-
ies only two loci associated with asthma in African American
were known until recently: PTGS on chromosome 9q34 [20]
and PYHIN1 on chromosome 1 [21]. This was also due to the
fact that genotyping chips specific for African genetic ancestry

Fig. 2 Genes linking different
diseases to asthma. Candidate
genes identified to be associated
with asthma and allergy have also
been implicated in other diseases.
These genes and the associated
diseases are depicted

Fig. 1 Genes involved in
different allergic diseases. Top ten
genes associated with the
respective allergic disease in most
recent and extensive GWAS as
described in the text were
compared for overlaps in their
associations. The more links a
gene has, the more general the
role of its mutations in allergic
mechanisms may be
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and imputation tools for that ancestry were not available. Only
in 2019, the first large-scale GWAS on asthma in African
Americans was published by the Consortium on Asthma
among populations of African Ancestry in the Americas
(CAAPA) [22]. In a landmark effort, the consortium first se-
quenced almost 900 individuals of African ancestry to create
an imputation base. Then, the novel ADPC (African Diaspora
Power Chip), to complement previous GWAS chips for spe-
cific African SNPs was developed. Finally, pooling smaller
previous study populations, an analysis based on approxi-
mately 7.500 cases and as much controls was created. The
results indicate that some of the genetic background for asth-
ma is shared between Caucasians and African Americans
when 11 out of 18 major asthma associations were confirmed.
In addition, three African specific association signals were
identified and these three belong to the top 5 asthma signals
in the study. The most significant association signal comes
however from the well-known 17q21 locus.

In this study, it also became evident that there is also a need
to better understand the genetic influence of Native American
populations on the development of asthma and allergy. The
reason for that is the massive increase of children with asthma
and allergic diseases in Central and South America as shown
by recent ISAAC surveys [23]. As CAAPA drew their African
American probands from numerous populations across the
Americas with different degrees of admixture, the authors
did find hints of Native American influences in their analyses,
but they could only speculate about the true role of that back-
ground in the development of asthma and allergies. CAAPA is
a blueprint for further GWAS studies urgently needed also in
Asian, South American, and African populations. This may
come as a surprise especially when thinking about all the
Chinese and Japanese studies that have already been per-
formed in the field, also recently [24, 25]. These studies are
state of the art and of considerable size. For example, the
recent meta-analysis of 29 case-control studies suggested a
somewhat more important role of FceRIß polymorphisms in
the development of asthma and allergic rhinitis in Asian pop-
ulations compared to Caucasians [25]. Performed with tools
centered around European backgrounds, they are only capable
to confirm if signals identified in Europeans can also be found
in Asians, but they cannot find specific factors contributed by
Asian backgrounds. What is needed now is a profound and
serious approach to the topic as demonstrated so impressively
by CAAPA.

EWAS for asthma and allergy

In contrast to the genetic field, several general EWAS have
only been published recently (Table 1). Most of these were
still using the old 450K chip but some (e.g., [33]) were already
done with the current EPIC BeadChip (Illumina, Inc.) interro-
gating either 450,000 or 840,000 of the 29 M CpGs in the

human genome. In the EWAS from the MEDALL consortium
using four European birth cohorts and validating 14 CpGs in
further seven cohorts, childhood asthma was found to be as-
sociated with a number of differentially methylated CpG po-
sitions in whole blood [26]. In particular, the analysis of a
subgroup of individuals for whom purified circulating eosin-
ophils were available showed an altered DNA methylation
profile suggesting a differential activation state and that
changes observed in blood are probably largely driven by this
cell population. The importance of this cell type was further
shown in the ALSPAC cohort, where none of the initially ~
300 significant CpGs remained significant after adjustment for
eosinophil and neutrophil cell count estimates [34]. The so-far
largest cross-sectional EWAS (631 cases and 2231 controls)
using nine different cohorts increased the number of differen-
tially methylated CpGs associated with asthma to 179 CpGs
and 36 regions [27]. In general, there is significant overlap of
the findings in EWAS analyzing asthma or atopy [31]. EWAS
have shown to explain better the variation in a phenotype than
GWAS as demonstrated for, e.g., circulating IgE levels [35]
and levels of asthma related proteins such as CHI3L1 are
partly mediated by DNAmethylation changes, but not genetic
variation [36].

Most EWAS so far performed have a cross-sectional de-
sign; they do thus not allow to distinguish if the observed
changes are preceding the onset of the disease (and are prob-
ably disease causing) or a consequence of the disease. The
PACE consortium analyzed in addition to the above described
cross-sectional study also newborn blood DNAmethylation in
668 cases and 2904 controls and identified 9 CpGs and 35
differentially methylated regions associated with asthma later
on life [27]. While these CpGs represent a potential biomarker
for the prediction of asthma later in life, these CpGs have not
been associated with asthma in other (cross-sectional) cohorts,
which makes it currently difficult to assess their value.
Nonetheless, candidate gene studies of Th2 lineage genes
and EWAS of limited size already showed the potential of
analyses in cord blood predicting asthma at a later age [37,
38]. Notably, methylation changes in the distal promoter of
SMAD3, an important regulator in T cell differentiation, were
replicated in three small cohorts [37].

In general, there is significant overlap of the findings in
EWAS analyzing asthma or atopy [31]. Overall, despite the
huge advances in the last years, there is still considerable
heterogeneity in the published studies. A recent review on
EWAS studies in asthma identified among the thousands of
CpGs associated with asthma in recent years, that only 41 of
the associations were identified in at least one other study [31].
The epigenetic landscape is specific for a given cell thus re-
quiring careful selection of the cell type of relevance for a
given biomedical question as well as taking potential con-
founding effects caused by differential cell composition be-
tween, e.g., patients and controls into account [39]. Most
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studies, especially most of the large EWAS cohort studies
(Table 1) have been performed in whole blood or PBMCs,
with a few using also sorted blood cell populations albeit in
cohorts of limited size. However, an increasing number of
studies have also been performed in nasal epithelial cells
[28–30]—as a proxy for airway epithelial cells, which are
especially in children difficult to collect—and more recently
in airway smooth muscle cells [40]. Studies in the nasal epi-
thelial cells identified hundreds to thousands of significant
CpGs, showing thus much stronger effects as the EWAS per-
formed in the blood. Of note, most of the top CpGs identified
in nasal epithelial cells replicated well in other cohorts analyz-
ing this tissue type despite different ethnicity of the children of
the different cohorts [28, 30]. Differentially methylated CpGs
included mainly hypomethylated genes regulating eosinophil-
ic and Th2 responses [11]. Further support for the importance
of selecting the right cell type comes from an EWAS in atopic
dermatitis, where statistically significant DNA methylation
changes were only found in skin samples, but not in blood
or sorted blood cell populations [41]. In general, DNA meth-
ylation changes in tissues other than blood did correlate better
with gene expression changes [29, 40] and magnitude of
changes and effect sizes of genes that were also found in
blood-based EWAS were increased in nasal cells compared
to whole blood, but not to sorted eosinophils [30]. Similarly,
in the African American inner-city children cohort, changes in
the PBMCs were small in magnitude (median 1.3%, range
0.02–3.1%), while those in nasal epithelial cells ranged from
2.6 to 29.5% with a median of 9.5% [29, 42]. Furthermore,
there is a substantial overlap of DNA methylation changes
observed in nasal cells with DNA methylation changes ob-
served in cultured endobronchial epithelial cells from asth-
matics and controls [32]. Furthermore, some genes previously
found in blood-based EWAS were confirmed in the nasal cells
including ACOT7, EPX, GJA4, and METTL1. A predictive
model based on DNA methylation changes of 30 CpGs in
nasal cells showed improved performance compared to the
Asthma Predictive Index to predict development of asthma
in children with wheeze [28]. It is likely that significant find-
ings in blood based EWAS reflect the contribution of eosino-
phils to the disease, while nasal cells represent methylation
changes in the airway cells constituting thus two different
angles of view on asthma.

The epigenome is determined by the genome and genetic
variation and epigenetic variation influence each other [43]. A
large proportion of the CpGs in the human genome are impli-
cated in Methylation Quantitative Trait Loci (mQTLs), i.e.,
the methylation level is at least partly determined by genetic
variants in cis or in trans. However, the proportion of the
variance in the methylation levels explained by genetic varia-
tion is in most cases rather limited [44]. Studies analyzing
epigenetic and genetic variation at large scale in the same
individuals are so far limited in allergic diseases. mQTLs were

found enriched in cultured endobronchial epithelial cells from
a large cohort of asthmatics and controls in genes showing
genetic variation and differential DNAmethylation associated
with asthma [32]. Similarly, 500 CpG-SNP interactions in cis
were found to be associated with allergic rhinitis and 274
CpG-SNPs with allergic rhinitis associated with asthma [45].
In a recent study, interactions between CpGs and SNPs in the
vicinity of about 2/3 of all human genes were investigated and
12 genes associated with asthma with significant CpG-SNP
interactions were identified, including three previously de-
scribed asthma genes (PF4, ATF3, TPRA1) [46].

Environment and epigenetics in asthma and allergy

Epigenetics might mediate the effects on the environment on
cellular homeostasis and contribute to the development of
asthma and allergic diseases. DNA methylation changes have
been associated with atopy and serum IgE levels [35, 47], and
shown to differ between allergic patients with asthma [8, 26,
27, 30], atopic dermatitis [41], food allergy [33, 48, 49], and
seasonal allergic rhinitis [50] when compared to healthy indi-
viduals. For seasonal allergic rhinitis, DNA methylation alter-
ations show increased discriminatory power compared to gene
expression-based signatures and this during as well as outside
the allergy season [50]. In the same line, it was recently shown
that baseline DNA methylation levels in a gene called
SLFN12 predicted the severity of the allergic reaction when
allergic rhinitis patients were exposed to grass pollen [51].
Similarly, analysis of histone modifications or microRNA ex-
pression has been shown to detect differences at both the can-
didate gene level or in genome-wide analyses in allergic indi-
viduals [52, 53].

Air pollution, ozone, cigarette smoking, viral infections,
use of antibiotics and antipyretics, pets, a traditional farm en-
vironment and exposure to mold or dust mites, consumption
of raw or unprocessed cow’s milk have been associated with
increased or reduced frequency of allergic diseases and have
recently been reviewed in detail [8]. We will therefore focus
only on recent results. It is well known that prenatal smoking
in mothers lead to widespread changes in DNA methylation
patterns [54]. A recent study now addressed how these chang-
es compare to changes induces by active smoking and found
that the changes in utero caused by prenatal smoking in
mothers are more pronounced than those caused by passive
smoking after birth or active smoking in teenagers [55].
However, although cigarette smoking has a well proven im-
pact on the development of respiratory allergies and leads to
clear and reproducible changes in the DNAmethylome, it is of
note that hardly any of the smoking associated changes have
also been associated with asthma in different EWAS
performed.

Air pollution has been linked to lung pathologies such as
asthma and has been shown inmultiple studies to have a direct
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impact on genome-wide DNA methylation patterns leading
mostly to a loss of DNA methylation [56]. Air pollution and
especially particulate matter 2.5 (PM2.5) has been shown to
alter DNA methylation patterns already in utero [57] and in a
recent study using a mouse model for allergic rhinitis PM2.5

exposure led to more pronounced symptoms and increased
DNA methylation at the IFNγ promoter in CD4+ T cells sug-
gesting an increased shift towards the Th2 subtype [58].
Exposure to diesel exhaust particles led to much more pro-
nounced changes in the DNA methylation profile when com-
bined with exposure to an allergen within 4 weeks compared
to either allergen or particle exposure alone or even simulta-
neous exposure to both insults suggesting that timing between
the insults is of great importance for functional consequences
[59]. Air pollution has notably been shown to have a direct
influence on the expression of enzymes involved in the bal-
ance of DNAmethylation and demethylation through increas-
ing DNA methylation levels at the promoter of the DNA
demethylating enzyme TET1 [60]. Recent data in a mouse
model deficient for Tet1 supports an important role for this
enzyme in airway disease leading to increased expression of
Th1 and Th2 cytokines, lung eosinophilia and airway
hyperresponsiveness, which were at least partially mediated
by a genome-wide hypermethylation including genes in-
volved in interferon signaling [61]. Furthermore, air pollution
has also shown to alter the expression profile of miRNAs
involved in inflammation andwhich have also been associated
with allergic diseases [52, 62].

Vaccination has been associated with increased circulating
IgE levels and therefore postulated to lead to an increased risk
of asthma and other allergies [63]. There is, however, little
support for this hypothesis in the literature [64]. In a recent
EWAS using the Isle of Wright cohort [65], methylation of
two CpGs near immune related genes was associated with
tetanus vaccination at genome-wide significance and the two
of them were also associated with a decreased risk of asthma.
This data is also supported by previous experiments per-
formed in experimental models of food allergy, where treat-
ment of mice with Heliobacter pylori lysate or its immuno-
modulatory peptide VacA led to attenuated anaphylaxis upon
challenge probably though a mechanism involving reduced
DNA methylation in the Treg-specific demethylated region
in the Foxp3 gene leading to a larger number activated T
regulatory cells (Tregs) [66].

One of the most prominent external factors influencing
DNA methylation changes is aging and the chronological
age can be deduced from the DNA methylation patterns
[67]. Accelerated epigenetic aging, i.e., a higher biological
age predicted from the DNAmethylation patterns then the true
chronological age, has been associated with a large number of
disease and an overall greater risk of death [67], while longev-
ity has been associated with decelerated epigenetic aging [68].
Epigenetic aging has now also been assessed in the context of

atopic or allergen sensitization and asthma using a variety of
different clocks [30, 69]. Accelerated epigenetic aging in chil-
dren at 7–8 years of age was associated with increased serum
IgE levels and a 1.2–1.3-fold increased risk of atopic sensiti-
zation, or sensitization to environmental or food allergens for
every 1-year increase in epigenetic age [69].

Pharmacogenetics and pharmacoepigenetics
of asthma and allergy

For the whole field of asthma and allergy genetics, pharmaco-
genetics is the hot topic of the moment. This is driven by the
development and recent market introduction of numerous bi-
ologicals (Fig. 3). “Individualized medicine” is necessary to
know which (incredibly expensive) drug should be used in
which specific patient. While still in early phase, epigenetic
modifications, particularly DNA methylation and miRNAs,
may have potential assisting in the stratification of patients
for treatment and complement or replace in the future bio-
chemical or clinical tests. First epigenetic biomarkers correlat-
ing with the successful outcome of immunotherapy have been
reported as described in more detail below and with personal-
ized treatment options being rolled out epigenetic modifica-
tions might well play a role in monitoring or even predicting
the response to tailored therapy.

Genetics and epigenetics play a role in the response
to classical asthma therapy

As predicted [70], individualized medicine in this first phase
which has started now will rather restrict access to drugs than
tailor new drugs to individual needs. Using genetic and non-
genetic data such as transcriptomics, epigenetics, and metabo-
lomics, asthma and allergy patients may be first characterized
as nonresponders to standard therapy as discussed in a previ-
ous conceptual paper [71]. In those patients, even though high
doses of steroids and other drugs are administered, their dis-
ease is not controlled, leading to ever-increasing amounts of
drugs with side effects, uncontrolled symptoms, ER visits, and
hospital admissions. It is clear that this form of severe allergic
diseases needs to be discriminated from “difficult to treat”
disease, where patients do not adhere to therapy and the cause
for the uncontrolled disease is not a lack of response to treat-
ment but absence of proper management. However, one also
has to consider that patients may not adhere to therapy exactly
because they see that the prescribed drugs do not work. If
patients who are truly unresponsive to standard treatment
could be identified easily and characterized early, these pa-
tients would be the primary candidates for novel treatments
with biologicals.

To achieve this goal, the international consortium on
Pharmacogenomics in Childhood Asthma (PiCA) was formed
recently. Bringing together studies with GWAS data already
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available across different countries and ethnicities, this con-
sortium was able to determine a handful of genetic risk factors
for an insufficient response to inhaled corticosteroids (ICS)
and exacerbations in children and young adults of
Caucasian, Hispanic, and African American origin [72].
Especially, a locus on chromosome 22 harboring
APOBEC3B and APOBEC3C was identified in admixed pop-
ulations and was replicated in follow-up studies of European
origin. The gene locus has not been implicated in asthma or
allergy in previous studies, but is a biologically plausible can-
didate as it is involved in innate immunity, virus defense and
RNA editing. In the same study, also three other gene loci,
which previously had been associated with ICS response in
adults, were confirmed.

Epigenetic data investigating drug response is still very
scarce, often limited to very small cohorts and even more
restricted in the pediatric setting. Inhaled or oral corticosteroid
use has been shown to affect epigenetic patterns.
Glucocorticoid treatment leads to global loss of histone acet-
ylation through activation of several HDACs and displace-
ment of NF-κB from glucocorticoid receptor (GR) binding
sites [73, 74]. Decreased sensitivity to synthetic glucocorti-
coids has been linked to decreased levels of HDAC2, which
deacetylates the glucocorticoid receptor, and might be wors-
ened by passive smoking [75, 76]. Increasing HDAC levels in
therapeutic interventions might thus constitute a new way to
maximize treatment efficacy, which is also supported by a
number of recent findings relevant for the physiopathology
of allergic diseases described below.

Systemic exposure to corticosteroids has been found to be
associated with differential DNA methylation in whole blood
from patients with COPD [77]. There is preliminary evidence
that DNA methylation changes might contribute to treatment
response as methylation changes in genes including theOTX2
and the VVN1 promoter were observed in good but not in poor
responders in nasal epithelial cells during treatment [78, 79].
An EWAS using 8-year old children diagnosed with asthma
from the BAMSE cohort identified 20 CpGs reaching statis-
tical significance to be associated with any or continuous cor-
ticosteroid exposure, but replicating in the STOPPA cohort as
well the BAMSE cohort at 16 years of age replicated none of
these CpGs [80]. However, more recently, an EWAS
performing a meta-analysis of the corticosteroid use in the
CAMP, BAMSE, and GACRS cohorts identified two differ-
entially methylated CpGs in the upstream regions of IL12B
and CORT to be associated with absence of severe exacerba-
tions on ICS treatment or absence of oral corticosteroid use,
respectively, as a proxy for inhaled corticosteroid response
[81]. Of note while not reaching significance in all three co-
horts, hypomethylation of OTX2 was confirmed in the
GACRS cohort. However, in contrast to gene expression sig-
natures, noDNAmethylation-based biomarker has so far been
identified to be predictive for response to corticosteroids [82,
83]. These DNA methylation markers might nonetheless as-
sist in molecularly defining patients unresponsive to cortico-
steroids having difficulties controlling their asthma. A recent
EWAS also investigated the effect of sympathomimetic bron-
chodilators (albuterol) on the DNA methylation patterns in

Fig. 3 Mechanisms of allergy and the targets of current monoclonal antibodies. A current immunological model of allergy mechanisms and the position
at which available biolocials for the treatment of asthma may interfere
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nasal epithelial cells and identified 130 CpGs associated with
the treatment [30]. However, further validation of these find-
ings is required.

Very few studies have analyzed miRNAs in relation to
given treatments in allergic diseases. Treatment with inhaled
corticosteroids (ICS) had modest effects on miRNA expres-
sion patterns and changed the expression of nine miRNAs in a
small cohort of steroid-naïve asthma patients [84]. miR-21 is a
well-known miRNA in allergic diseases and induces polariza-
tion of naïve T cells towards the Th2 lineage and the synthesis
of the associated pro-inflammatory cytokines. Higher levels of
miR-21 were found in children resistant to inhaled corticoste-
roids, compared to children sensitive to ICS [85]. However, as
miR-21 levels in ICS-resistant children were similar to pa-
tients without ICS, the decreased levels in ICS sensitive pa-
tients are probably a result of the improvement of their asth-
matic status rather than predisposing therapy to success.
Similarly, miRNA changes correlated with the use of oral
steroids or antileukotriene therapy [86] and allergen induced
changes in miRNA expression were reverted by glucocorti-
coids in patients with eosinophilic esophagitis [87].

Using admixed populations (SAGE II and GALA II popula-
tions) for screening, the American TopMED consortium recently
identified genetic determinants for bronchodilator response
(BDR) associated with lung capacity (DNAH5), immunity
(NFKB1 and PLCB1), and beta-adrenergic signaling
(ADAMTS3 and COX18) [88]. Thus, these signals may be of
value across different ethnicities and replication could be expect-
ed in populations from different parts of the world. BDR also
changes over time, a fact that is well known to pediatricians who
often observe a poor response to ADRB2 agonists in babies and
very young children. Interestingly, different genetics factors may
be responsible for bronchodilator response in younger versus
older children and adults. That is suggested by data of the
CAMP studywhen SNPs near SPATS2L andASB3 demonstrated
strongest associations with BRD in early childhood throughout
adolescence, and a large decrease in effect size afterwards [89].

Also recently, the genetic basis of moderate to severe asth-
ma was investigated in a massive study involving more than
10,000 patients and almost 50,000 controls [89]. This can be
viewed as a pharmacogenetic study, as cases were patients not
adequately controlled with low or medium levels of ICS. In
addition to known variants already detected in study address-
ing general asthma previously, three novel loci harboring
MUC5AC,GATA3, and KIAA1109with convincing biological
plausibility emerged. Altered expression of the pathogenic
mucin MUC5AC potentially contributes to mucus plugging
and airway obstruction, GATA3 is a transcription factor linked
to the T cell response in asthma and eosinophilia, and the
KIAA1109 locus has previously been associated with allergic
sensitization. Presence of risk alleles in these genes may thus
help to identify nonresponders to conventional therapy and
candidates for advanced therapies.

In general, the combination of ICS and LABA is the cor-
nerstone of therapy in moderate to severe asthmatics and a
recent study suggest that the response to combination therapy
is under genetic control [90]. Interestingly, many
glucocorticoid-induced genes were shown to be independent-
ly induced by LABA. Variance in target transcription could be
explained by gene-specific control by glucocorticoid receptor-
and LABA-activated transcription factors, as the authors sug-
gested. Thus, failure to improve to combination therapy in
asthma may be a polygenic trait such as asthma itself.
Further support for this theory comes from a recent analysis
of mutations in the G-coupled receptor family, which SABA,
LABA, and other asthma therapies target. It showed a great
genetic variability in this pharmacologically important group
of receptors, which may explain the interindividual variability
in drug response [91].

Epigenetic changes during allergen immunotherapy

Allergen immunotherapy aims at inducing tolerance to a given
allergen or at least sustained unresponsiveness. Depending on
the route of application different protocols have been devel-
oped including subcutaneous (SCIT), sublingual (SLIT), oral
(OIT), and more recently epicutaneous (EPIT) immunothera-
py. Allergic sensitization has been shown to alter genes in-
volved in the Th1/Th2 balance in experimental models of
asthma [92]. Furthermore, the outcome of immunotherapy
can be improved administrating synthetic microRNA mimics
of anti-inflammatory miRNAs concurrent with the immuno-
therapy in a mouse model of allergic rhinitis [93]. In the field
of food allergy, induction and maintenance of tolerance to
antigens requires the generation of antigen-specific regulatory
T-cells (Tregs). Demethylation of the Treg-specific
demethylated region (TSDR) of FOXP3 is a pre-requisite for
the stable maintenance of the suppressive properties of Tregs
[94, 95]. Demethylation is induced by immunotherapy, and
methylation levels remain lower in individuals that show
sustained unresponsiveness to allergens such as peanut or
milk [96, 97]. Demethylation of FOXP3 might therefore be
a prerequisite for successful immunotherapy. Although the
number of individuals analyzed was low in both studies,
DNA methylation analysis of the TSDR can be considered
as a promising biomarker for monitoring the response to im-
munotherapy as well as the induction of potential tolerance.
Similarly, we have recently shown in a mouse model of
epicutaneous immunotherapy for peanut allergy that Foxp3
methylation was reduced upon successful EPIT, while meth-
ylation of the Th2 key transcription factor Gata3 was specif-
ically increased in splenic CD4+ IL4+ T cells [98]. In contrast,
OIT induced only demethylation of Foxp3, but not methyla-
tion of Gata3, suggesting that the latter might be important to
maintain the level of sustained unresponsiveness and protec-
tion against sensitization to a second allergen observed in
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EPIT. In addition, OIT to peanut allergy has shown to induce
the differentiation of novel CD4+ Tcell subsets [99]. Although
these have so far only been characterized at the transcriptional
level, it is highly likely that these novel CD4+ T cell subsets
also contain distinct epigenetic profiles, which could provide
further markers correlating with sustained unresponsiveness.

Further evidence for an epigenetic modification of the Th
cell polarization comes from a recent study analyzing PBMCs
from children with allergic asthma following a three-year dust
mite allergen-specific immunotherapy (Der p) [100]. Allergic
sensitization has been shown to alter genes involved in the
Th1/Th2 balance to yield a pro-Th2 phenotype in experimen-
tal models, which was also observed in asthmatic patients
following Der p challenge [92, 101]. Patients treated with
Der p immunotherapy showed increased DNA methylation
at the IL4 promoter suggesting inhibition of the Th2 pathway
in children undergoing immunotherapy compared to allergic
asthmatics without immunotherapy [100].

Genetics and epigenetics and the therapy
with biologicals

Also, the response to biologicals shows a great variability. The
better patients are characterized by molecular biology, the bet-
ter their response is to biologicals in preventing asthma exac-
erbations, as summarized very elegantly in a recent review
[102]. However, this characterization in current studies is rath-
er primitive: Those patients with elevated eosinophils and/or
elevated FeNO respond better to all kinds of biologicals, sug-
gesting that this is a just a crude measure of true severity and
not a molecular characterization of the disease. This is what is
missing so far and a first step would be to understand why
some patients are not responding to ICS therapy. Exactly that
is the goal of ongoing EU funded studies such as the
SysPharmPediA and PERMEABLE consortia, which aim to
identify biomarkers in severe asthmatics that define corticoid
resistance and in a next step, to identify specific susceptibility
for specific biologicals. Genetics may be of help in that quest
as genetic determinant may contribute to the specific respon-
siveness to certain biologicals.

For anti-IL-5, a GWAS using data from clinical studies on
mepolizumab (DREAM and MENSA), was recently pub-
lished, and there is a clear trend (which is just not significant
after correction for multiple testing) towards an association
between the prevention of exacerbation on mepolizumab
and a locus on chromosome 6 harboring UTRN and EPM2A
and a further locus on chromosome 9 which included different
type 1 Interferon genes such as IFNA14 [103]. Why the au-
thors, who are mainly current or former employees of a phar-
maceutical company, do not follow up on these highly sug-
gestive and plausible associations remains unclear. Especially,
as these data has a potential to stratify patients for their re-
sponsiveness to anti-IL5 therapy and could be used to spare

unresponsive patients from an unnecessary use of these anti-
bodies while others could be identified as having a rather good
chance to respond to this biological. Interestingly, such stud-
ies, where biomarkers or predictors for the response to
omalizumab, the monoclonal antibody against IgE, which is
on the market since 2003, would have been investigated, have
not been published so far. For dupilumab, the newest
monoconal antibody directed against the receptor chain shared
by IL-4 and IL-13, such studies for genetic susceptibility also
do not exist. However, we showed in our previous work [104],
that the concomitant presence of multiple polymorphisms in
the IL-4/IL-13 pathway in an individual may contribute sig-
nificantly to the development of a mainly allergic form of
asthma. Carrying SNPs associated with asthma risk in three
different genes of the pathway increased the risk up to 30-fold
in our study population of German children, affecting approx-
imately 2–4% of the population under investigation. Thus,
based on molecular mechanisms already identified, one could
speculate that exactly these asthma patients carrying such
multiple SNPs in the pathway are those that may respond to
dupilumab treatment.

Epigenetic data supporting the use of biologicals is still
rare. At least two EWAS have found differential methylation
of CpGs in the IL5 receptor [27, 34], which is targeted by the
monoclonal antibody benralizumab. A CpG in this gene has
also been found to be associated with allergic sensitization
[105]. It would therefore be interesting to investigate the as-
sociations or correlation between the degree of methylation of
this gene and the response to benraluzimab.

As described above, eosinophils from asthmatic children
showed an altered DNA methylation profile suggesting a dif-
ferential activation state in the recent multi-cohort study from
the MEDALL consortium [26]. These findings provide an
interesting basis to investigate how eosinophil targeting/
depleting therapies with anti-IgE-, anti-IL-13-, or anti-IL-
5Ra-based antibodies will modify the DNAmethylation land-
scape in eosinophils and if there is any correlation between the
response to therapy and the pre-treatment epigenetic profile.
Epigenetic profiling could also yield in the future biomarkers,
which could assist in the classification and selection of pa-
tients that would profit most from a potential biological treat-
ment or on the other hand for which little improvement could
be expected.

A potential next step: targeting epigenetic enzymes
in allergic diseases

In addition to the above described implication of histone
deacetylases in the response to corticosteroids, a number of
recent studies have demonstrated a beneficial effect of
blocking histone deacetylases in allergic diseases. The
blocking of HDAC activity (using a pan HDAC inhibitor
JNJ-26481585) restored the integrity of the nasal epithelium
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from patients with allergic rhinitis and restored mucosal func-
tion and prevented the development of airway inflammation
and hyperresponsiveness in experimental models [106]
Furthermore, the HDCAi trichostatin A improved atopic der-
matitis in a mouse model reducing notably expression for Th2,
but not Th1 cytokines [107]. Although constituting a novel
and promising approach, the use of HDAC inhibitors
(HDACi) has yielded conflicting result with some studies
pointing to enhanced inflammation thus requiring further in-
vestigation of the use of this treatment [108–110]. However,
as HDACs and HATs (de)acetylate a large number of targets
and are involved in a multitude of cellular pathways, inhibi-
tion or modulation of these processes might provoke unde-
sired adverse effects requiring the development of more selec-
tive HDAC inhibitors targeted to specific cell populations.
The Polycomb protein Ezh2, the main H3K27me3 methylase,
has been shown to be critically involved in the differentiation
and plasticity of CD4+ Th1 and Th2 cells controlling the cor-
rect expression of the key transcription factors Tbx21 and
Gata3, promoting Th1 responses and the loss resulted in the
accumulation of memory Th2 cells [111]. Ezh2 further pre-
vents the development of pathological NKTcells preventing a
spontaneous asthma-like phenotype in experimental models
[112]. First results show also the possibility of improving al-
lergic inflammation and airway hyperresponsiveness in exper-
imental asthma models by administrating a H3K27Me3 spe-
cific histone demethylase inhibitor (GSK-J4 [113]).

Conclusions

Taken together, there are a still a number of open questions in
asthma to which genetics and epigenetics may give answers to
and thus, at the end, may even help the patients. Despite the
rapid progress in recent years, there are still numerous chal-
lenges for the interpretation of existing and future data. In
epigenetics, it is not yet clear which tissue and cell types are
best suited for analysis [114]. Most analyses have been per-
formed in blood immune cells, but respiratory epithelial cells
from the nose or bronchi have also been studied, show much
better discrimination between asthmatics and controls. For
genetics and epigenetics, the often imprecise definition of
the underlying clinical phenotype (e.g., how and by whom
asthma or other allergies were exactly diagnosed) also makes
interpretation difficult and makes previous study results only
partially comparable. Furthermore, longitudinal studies with
samples available prior to the onset of symptoms, e.g., birth
cohorts with repeated biological samplings are required to
better investigate causality and relationships betweenmarkers,
onset, and course of disease.

Technical progress led and leads to ever more voluminous,
high-dimensional multi-omic data sets. The future challenge
will be to analyze and integrate these data sets in order to

obtain a systems medicine view of the molecular processes
underlying the development and progression of allergic dis-
eases [115]. First big data and multi-omic studies have shown
that allergic diseases are very complex and dynamic and that
further systems biology studies are required. Advances in ma-
chine learning algorithms and artificial intelligence are timidly
making their first steps in the field of allergy and refine epi-
genetic signatures [116], but their power remains limited due
to the absence of sufficiently large data volumes.

With the choice of biologicals now available for treatment,
the prediction of treatment response and the matching of pa-
tients to specific therapies becomes crucial for the patient as
well as for the health system. Thus, a better understanding of
allergy and asthma mechanisms in the individual patient and
to have biomarkers for decision making are now needed more
than ever. Epigenetics and genetics have the potential to make
substantial contribution and the analysis of epigenetic changes
will have an important role in designing a customized
(immune) therapy, preventing side effects and defining an
optimal therapy duration. This will ultimately contribute to
improving the quality of life of allergy patients.

Funding information Open Access funding provided by Projekt DEAL.
Michael Kabesch was funded for this work by the SysPharmPediA and
PERMEABLE Projects by ERC and CHAMP by BMBF. Work on food
allergy in the laboratory of JT is partially funded by DBV technologies.
The work in the laboratory of JT is further supported by the following
grants unrelated to the presented work: ANR (ANR-13-EPIG-0003-05,
ANR-17- CE32-0009-06 and ANR-18-RAR3-0001-01), EU Horizon
2020 (RESCUER), a Passerelle research award (Pfizer), iCARE (MSD
Avenir) and the institutional budget of the CNRGH.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Moffatt MF, Kabesch M, Liang L, Dixon AL, Strachan D, Heath
S, Depner M, von Berg A, Bufe A, Rietschel E, Heinzmann A,
Simma B, Frischer T, Willis-Owen SA, Wong KC, Illig T,
Vogelberg C, Weiland SK, von Mutius E, Abecasis GR, Farrall

Semin Immunopathol (2020) 42:43–60 53

http://creativecommons.org/licenses/by/4.0/


M, Gut IG, Lathrop GM, Cookson WO (2007) Genetic variants
regulating ORMDL3 expression contribute to the risk of child-
hood asthma. Nature 448(7152):470–473. https://doi.org/10.
1038/nature06014

2. Weidinger S, Gieger C, Rodriguez E, Baurecht H, Mempel M,
Klopp N, Gohlke H, Wagenpfeil S, Ollert M, Ring J, Behrendt
H, Heinrich J, Novak N, Bieber T, Kramer U, Berdel D, von Berg
A, Bauer CP, Herbarth O, Koletzko S, Prokisch H, Mehta D,
Meitinger T, Depner M, von Mutius E, Liang L, Moffatt M,
Cookson W, Kabesch M, Wichmann HE, Illig T (2008)
Genome-wide scan on total serum IgE levels identifies FCER1A
as novel susceptibility locus. PLoS Genet 4(8):e1000166. https://
doi.org/10.1371/journal.pgen.1000166

3. Bonnelykke K, Matheson MC, Pers TH, Granell R, Strachan DP,
Alves AC, Linneberg A, Curtin JA, Warrington NM, Standl M,
Kerkhof M, Jonsdottir I, Bukvic BK, Kaakinen M, Sleimann P,
Thorleifsson G, Thorsteinsdottir U, Schramm K, Baltic S,
Kreiner-Moller E, Simpson A, St Pourcain B, Coin L, Hui J,
Walters EH, Tiesler CMT, Duffy DL, Jones G, Aagc RSM,
McArdle WL, Price L, Robertson CF, Pekkanen J, Tang CS,
Thiering E, Montgomery GW, Hartikainen AL, Dharmage SC,
Husemoen LL, Herder C, Kemp JP, Elliot P, James A,
Waldenberger M, Abramson MJ, Fairfax BP, Knight JC, Gupta
R, Thompson PJ, Holt P, Sly P, Hirschhorn JN, Blekic M,
Weidinger S, Hakonarsson H, Stefansson K, Heinrich J, Postma
DS, Custovic A, Pennell CE, Jarvelin MR, Koppelman GH,
Timpson N, Ferreira MA, Bisgaard H, Henderson AJ (2013)
Meta-analysis of genome-wide association studies identifies ten
loci influencing allergic sensitization. Nat Genet 45(8):902–906.
https://doi.org/10.1038/ng.2694

4. Paternoster L, Standl M,Waage J, Baurecht H, Hotze M, Strachan
DP, Curtin JA, Bonnelykke K, Tian C, Takahashi A, Esparza-
Gordillo J, Alves AC, Thyssen JP, den Dekker HT, Ferreira MA,
Altmaier E, Sleiman PM, Xiao FL, Gonzalez JR, Marenholz I,
Kalb B, Yanes MP, Xu CJ, Carstensen L, Groen-Blokhuis MM,
Venturini C, Pennell CE, Barton SJ, Levin AM, Curjuric I,
Bustamante M, Kreiner-Moller E, Lockett GA, Bacelis J,
Bunyavanich S, Myers RA, Matanovic A, Kumar A, Tung JY,
Hirota T, Kubo M, McArdle WL, Henderson AJ, Kemp JP,
Zheng J, Smith GD, Ruschendorf F, Bauerfeind A, Lee-Kirsch
MA, Arnold A, Homuth G, Schmidt CO, Mangold E, Cichon S,
Keil T, Rodriguez E, Peters A, Franke A, Lieb W, Novak N,
Folster-Holst R, Horikoshi M, Pekkanen J, Sebert S, Husemoen
LL, Grarup N, de Jongste JC, Rivadeneira F, Hofman A, Jaddoe
VW, Pasmans SG, Elbert NJ, Uitterlinden AG, Marks GB,
Thompson PJ, Matheson MC, Robertson CF, Australian Asthma
Genetics C, Ried JS, Li J, Zuo XB, Zheng XD, Yin XY, Sun LD,
McAleer MA, O'Regan GM, Fahy CM, Campbell LE, Macek M,
Kurek M, Hu D, Eng C, Postma DS, Feenstra B, Geller F,
Hottenga JJ, Middeldorp CM, Hysi P, Bataille V, Spector T,
Tiesler CM, Thiering E, Pahukasahasram B, Yang JJ, Imboden
M, Huntsman S, Vilor-Tejedor N, Relton CL, Myhre R, Nystad
W, Custovic A, Weiss ST, Meyers DA, Soderhall C, Melen E,
Ober C, Raby BA, Simpson A, Jacobsson B, Holloway JW,
Bisgaard H, Sunyer J, Hensch NMP, Williams LK, Godfrey
KM, Wang CA, Boomsma DI, Melbye M, Koppelman GH,
Jarvis D, McLean WI, Irvine AD, Zhang XJ, Hakonarson H,
Gieger C, Burchard EG, Martin NG, Duijts L, Linneberg A,
Jarvelin MR, Noethen MM, Lau S, Hubner N, Lee YA, Tamari
M, Hinds DA, Glass D, Brown SJ, Heinrich J, Evans DM,
Weidinger S (2015) Multi-ancestry genome-wide association
study of 21,000 cases and 95,000 controls identifies new risk loci
for atopic dermatitis. Nat Genet 47(12):1449–1456. https://doi.
org/10.1038/ng.3424

5. Waage J, Standl M, Curtin JA, Jessen LE, Thorsen J, Tian C,
Schoettler N, Me Research T, collaborators A, Flores C,

Abdellaoui A, Ahluwalia TS, Alves AC, AFS A, Anto JM,
Arnold A, Barreto-Luis A, Baurecht H, van Beijsterveldt CEM,
Bleecker ER, Bonas-Guarch S, Boomsma DI, Brix S,
Bunyavanich S, Burchard EG, Chen Z, Curjuric I, Custovic A,
den Dekker HT, Dharmage SC, Dmitrieva J, Duijts L, Ege MJ,
GaudermanWJ, Georges M, Gieger C, Gilliland F, Granell R, Gui
H, Hansen T, Heinrich J, Henderson J, Hernandez-Pacheco N,
Holt P, Imboden M, Jaddoe VWV, Jarvelin MR, Jarvis DL,
Jensen KK, Jonsdottir I, Kabesch M, Kaprio J, Kumar A, Lee
YA, Levin AM, Li X, Lorenzo-Diaz F, Melen E, Mercader JM,
Meyers DA, Myers R, Nicolae DL, Nohr EA, Palviainen T,
Paternoster L, Pennell CE, Pershagen G, Pino-Yanes M, Probst-
Hensch NM, Ruschendorf F, Simpson A, Stefansson K, Sunyer J,
Sveinbjornsson G, Thiering E, Thompson PJ, Torrent M, Torrents
D, Tung JY, Wang CA, Weidinger S, Weiss S, Willemsen G,
Williams LK, Ober C, Hinds DA, Ferreira MA, Bisgaard H,
Strachan DP, Bonnelykke K (2018) Genome-wide association
and HLA fine-mapping studies identify risk loci and genetic path-
ways underlying allergic rhinitis. Nat Genet 50(8):1072–1080.
https://doi.org/10.1038/s41588-018-0157-1

6. Hong X, Hao K, Ladd-Acosta C, Hansen KD, Tsai HJ, Liu X, Xu
X, Thornton TA, Caruso D, Keet CA, Sun Y, Wang G, Luo W,
Kumar R, Fuleihan R, Singh AM, Kim JS, Story RE, Gupta RS,
Gao P, Chen Z, Walker SO, Bartell TR, Beaty TH, Fallin MD,
Schleimer R, Holt PG, Nadeau KC, Wood RA, Pongracic JA,
Weeks DE, Wang X (2015) Genome-wide association study iden-
tifies peanut allergy-specific loci and evidence of epigenetic me-
diation in US children. Nat Commun 6:6304. https://doi.org/10.
1038/ncomms7304

7. Demenais F, Margaritte-Jeannin P, Barnes KC, Cookson WOC,
Altmuller J, Ang W, Barr RG, Beaty TH, Becker AB, Beilby J,
Bisgaard H, Bjornsdottir US, Bleecker E, Bonnelykke K,
Boomsma DI, Bouzigon E, Brightling CE, Brossard M,
Brusselle GG, Burchard E, Burkart KM, Bush A, Chan-Yeung
M, Chung KF, Couto Alves A, Curtin JA, Custovic A, Daley D,
de Jongste JC, Del-Rio-Navarro BE, Donohue KM, Duijts L, Eng
C, Eriksson JG, Farrall M, Fedorova Y, Feenstra B, Ferreira MA,
Australian Asthma Genetics Consortium c, FreidinMB, Gajdos Z,
Gauderman J, Gehring U, Geller F, Genuneit J, Gharib SA,
Gilliland F, Granell R, Graves PE, Gudbjartsson DF, Haahtela T,
Heckbert SR, Heederik D, Heinrich J, HeliovaaraM, Henderson J,
Himes BE, Hirose H, Hirschhorn JN, Hofman A, Holt P, Hottenga
J, Hudson TJ, Hui J, Imboden M, Ivanov V, Jaddoe VWV, James
A, Janson C, Jarvelin MR, Jarvis D, Jones G, Jonsdottir I,
Jousilahti P, Kabesch M, Kahonen M, Kantor DB, Karunas AS,
Khusnutdinova E, Koppelman GH, Kozyrskyj AL, Kreiner E,
Kubo M, Kumar R, Kumar A, Kuokkanen M, Lahousse L,
Laitinen T, Laprise C, Lathrop M, Lau S, Lee YA, Lehtimaki T,
Letort S, Levin AM, Li G, Liang L, Loehr LR, London SJ, Loth
DW, Manichaikul A, Marenholz I, Martinez FJ, Matheson MC,
Mathias RA, Matsumoto K, Mbarek H, Mcardle WL, Melbye M,
Melen E, Meyers D, Michel S, Mohamdi H, Musk AW, Myers
RA, MAE N, Noguchi E, O'Connor GT, Ogorodova LM, Palmer
CD, Palotie A, Park JE, Pennell CE, Pershagen G, Polonikov A,
Postma DS, Probst-Hensch N, Puzyrev VP, Raby BA, Raitakari
OT, Ramasamy A, Rich SS, Robertson CF, Romieu I, Salam MT,
Salomaa V, Schlunssen V, Scott R, Selivanova PA, Sigsgaard T,
Simpson A, Siroux V, Smith LJ, Solodilova M, Standl M,
Stefansson K, Strachan DP, Stricker BH, Takahashi A,
Thompson PJ, Thorleifsson G, Thorsteinsdottir U, CMT T,
Torgerson DG, Tsunoda T, Uitterlinden AG, van der Valk RJP,
Vaysse A, Vedantam S, von Berg A, von Mutius E, Vonk JM,
Waage J, Wareham NJ, Weiss ST, White WB, Wickman M,
Widen E, Willemsen G, Williams LK, Wouters IM, Yang JJ,
Zhao JH, Moffatt MF, Ober C, Nicolae DL (2018) Multiancestry
association study identifies new asthma risk loci that colocalize

54 Semin Immunopathol (2020) 42:43–60

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1371/journal.pgen.1000166
https://doi.org/10.1371/journal.pgen.1000166
https://doi.org/10.1038/ng.2694
https://doi.org/10.1038/ng.3424
https://doi.org/10.1038/ng.3424
https://doi.org/10.1038/s41588-018-0157-1
https://doi.org/10.1038/ncomms7304
https://doi.org/10.1038/ncomms7304


with immune-cell enhancer marks. Nat Genet 50(1):42–53.
https://doi.org/10.1038/s41588-017-0014-7

8. Potaczek DP, Harb H, Michel S, Alhamwe BA, Renz H, Tost J
(2017) Epigenetics and allergy: from basic mechanisms to clinical
applications. Epigenomics 9(4):539–571. https://doi.org/10.2217/
epi-2016-0162

9. Tost J (2018) A translational perspective on epigenetics in allergic
diseases. J Allergy Clin Immunol 142(3):715–726. https://doi.org/
10.1016/j.jaci.2018.07.009

10. Zhu Z, Lee PH, Chaffin MD, Chung W, Loh PR, Lu Q, Christiani
DC, Liang L (2018) A genome-wide cross-trait analysis from UK
Biobank highlights the shared genetic architecture of asthma and
allergic diseases. Nat Genet 50(6):857–864. https://doi.org/10.
1038/s41588-018-0121-0

11. Huls A, Klumper C, EAMI, Brauer M,Melen E, Bauer M, Berdel
D, Bergstrom A, Brunekreef B, Chan-Yeung M, Fuertes E,
Gehring U, Gref A, Heinrich J, Standl M, Lehmann I, Kerkhof
M, Koppelman GH, Kozyrskyj AL, Pershagen G, Carlsten C,
Kramer U, Schikowski T, Group TAGS (2018) Atopic dermatitis:
interaction between genetic variants of GSTP1, TNF, TLR2, and
TLR4 and air pollution in early life. Pediatr Allergy Immunol
29(6):596–605. https://doi.org/10.1111/pai.12903

12. MacIntyre EA, BrauerM,Melen E, Bauer CP, Bauer M, Berdel D,
Bergstrom A, Brunekreef B, Chan-Yeung M, Klumper C, Fuertes
E, Gehring U, Gref A, Heinrich J, Herbarth O, Kerkhof M,
Koppelman GH, Kozyrskyj AL, Pershagen G, Postma DS,
Thiering E, Tiesler CM, Carlsten C, Group TAGS (2014)
GSTP1 and TNF gene variants and associations between air pol-
lution and incident childhood asthma: the traffic, asthma and ge-
netics (TAG) study. Environ Health Perspect 122(4):418–424.
https://doi.org/10.1289/ehp.1307459

13. McGovern DP, Gardet A, Torkvist L, Goyette P, Essers J, Taylor
KD, Neale BM, Ong RT, Lagace C, Li C, Green T, Stevens CR,
Beauchamp C, Fleshner PR, Carlson M, D'Amato M, Halfvarson
J, Hibberd ML, Lordal M, Padyukov L, Andriulli A, Colombo E,
Latiano A, Palmieri O, Bernard EJ, Deslandres C, Hommes DW,
de JongDJ, Stokkers PC,Weersma RK, ConsortiumNIG, Sharma
Y, Silverberg MS, Cho JH, Wu J, Roeder K, Brant SR, Schumm
LP, Duerr RH, Dubinsky MC, Glazer NL, Haritunians T, Ippoliti
A, Melmed GY, Siscovick DS, Vasiliauskas EA, Targan SR,
Annese V, Wijmenga C, Pettersson S, Rotter JI, Xavier RJ, Daly
MJ, Rioux JD, SeielstadM (2010) Genome-wide association iden-
tifies multiple ulcerative colitis susceptibility loci. Nat Genet
42(4):332–337. https://doi.org/10.1038/ng.549

14. Hoefkens E, Nys K, John JM, Van Steen K, Arijs I, Van der Goten
J, Van Assche G, Agostinis P, Rutgeerts P, Vermeire S, Cleynen I
(2013) Genetic association and functional role of Crohn disease
risk alleles involved in microbial sensing, autophagy, and endo-
plasmic reticulum (ER) stress. Autophagy 9(12):2046–2055.
https://doi.org/10.4161/auto.26337

15. International Multiple Sclerosis Genetics C, Wellcome Trust Case
Control C, Sawcer S, Hellenthal G, Pirinen M, Spencer CC,
Patsopoulos NA, Moutsianas L, Dilthey A, Su Z, Freeman C,
Hunt SE, Edkins S, Gray E, Booth DR, Potter SC, Goris A,
Band G, Oturai AB, Strange A, Saarela J, Bellenguez C,
Fontaine B, Gillman M, Hemmer B, Gwilliam R, Zipp F,
Jayakumar A, Martin R, Leslie S, Hawkins S, Giannoulatou E,
D'Alfonso S, Blackburn H,Martinelli Boneschi F, Liddle J, Harbo
HF, Perez ML, Spurkland A, Waller MJ, Mycko MP, Ricketts M,
Comabella M, Hammond N, Kockum I, McCann OT, Ban M,
Whittaker P, Kemppinen A, Weston P, Hawkins C, Widaa S,
Zajicek J, Dronov S, Robertson N, Bumpstead SJ, Barcellos LF,
Ravindrarajah R, Abraham R, Alfredsson L, Ardlie K, Aubin C,
Baker A, Baker K, Baranzini SE, Bergamaschi L, Bergamaschi R,
Bernstein A, Berthele A, Boggild M, Bradfield JP, Brassat D,
Broadley SA, Buck D, Butzkueven H, Capra R, Carroll WM,

Cavalla P, Celius EG, Cepok S, Chiavacci R, Clerget-Darpoux F,
Clysters K, Comi G, Cossburn M, Cournu-Rebeix I, Cox MB,
Cozen W, Cree BA, Cross AH, Cusi D, Daly MJ, Davis E, de
Bakker PI, Debouverie M, D'Hooghe MB, Dixon K, Dobosi R,
Dubois B, Ellinghaus D, Elovaara I, Esposito F, Fontenille C,
Foote S, Franke A, Galimberti D, Ghezzi A, Glessner J, Gomez
R, Gout O, Graham C, Grant SF, Guerini FR, Hakonarson H, Hall
P, Hamsten A, Hartung HP, Heard RN, Heath S, Hobart J, Hoshi
M, Infante-Duarte C, Ingram G, Ingram W, Islam T, Jagodic M,
Kabesch M, Kermode AG, Kilpatrick TJ, Kim C, Klopp N,
Koivisto K, Larsson M, Lathrop M, Lechner-Scott JS, Leone
MA, Leppa V, Liljedahl U, Bomfim IL, Lincoln RR, Link J, Liu
J, Lorentzen AR, Lupoli S, Macciardi F, Mack T, Marriott M,
Martinelli V, Mason D, McCauley JL, Mentch F, Mero IL,
Mihalova T, Montalban X, Mottershead J, Myhr KM, Naldi P,
Ollier W, Page A, Palotie A, Pelletier J, Piccio L, Pickersgill T,
Piehl F, Pobywajlo S, Quach HL, Ramsay PP, Reunanen M,
Reynolds R, Rioux JD, Rodegher M, Roesner S, Rubio JP,
Ruckert IM, Salvetti M, Salvi E, Santaniello A, Schaefer CA,
Schreiber S, Schulze C, Scott RJ, Sellebjerg F, Selmaj KW,
Sexton D, Shen L, Simms-Acuna B, Skidmore S, Sleiman PM,
Smestad C, Sorensen PS, Sondergaard HB, Stankovich J, Strange
RC, Sulonen AM, Sundqvist E, Syvanen AC, Taddeo F, Taylor B,
Blackwell JM, Tienari P, Bramon E, Tourbah A, Brown MA,
Tronczynska E, Casas JP, Tubridy N, Corvin A, Vickery J,
Jankowski J, Villoslada P, Markus HS, Wang K, Mathew CG,
Wason J, Palmer CN, Wichmann HE, Plomin R, Willoughby E,
Rautanen A, Winkelmann J, Wittig M, Trembath RC, Yaouanq J,
Viswanathan AC, Zhang H, Wood NW, Zuvich R, Deloukas P,
Langford C, Duncanson A, Oksenberg JR, Pericak-Vance MA,
Haines JL, Olsson T, Hillert J, Ivinson AJ, De Jager PL,
Peltonen L, Stewart GJ, Hafler DA, Hauser SL, McVean G,
Donnelly P, Compston A (2011) Genetic risk and a primary role
for cell-mediated immune mechanisms in multiple sclerosis.
Nature 476(7359):214–219. https://doi.org/10.1038/nature10251

16. Lehto K, Pedersen NL, Almqvist C, Lu Y, Brew BK (2019)
Asthma and affective traits in adults: a genetically informative
study. Eur Respir J 53(5). https://doi.org/10.1183/13993003.
02142-2018

17. Saik OV, Demenkov PS, Ivanisenko TV, Bragina EY, Freidin MB,
Goncharova IA, Dosenko VE, Zolotareva OI, Hofestaedt R,
Lavrik IN, Rogaev EI, Ivanisenko VA (2018) Novel candidate
genes important for asthma and hypertension comorbidity re-
vealed from associative gene networks. BMC Med Genet
11(Suppl 1):15. https://doi.org/10.1186/s12920-018-0331-4

18. Patel B, Wi CI, Hasassri ME, Divekar R, Absah I, Almallouhi E,
Ryu E, King K, Juhn YJ (2018) Heterogeneity of asthma and the
risk of celiac disease in children. Allergy Asthma Proc 39(1):51–
58. https://doi.org/10.2500/aap.2018.39.4100

19. Mathias RA, Grant AV, Rafaels N, Hand T, Gao L, Vergara C, Tsai
YJ, YangM, Campbell M, Foster C, Gao P, Togias A, Hansel NN,
Diette G, Adkinson NF, Liu MC, Faruque M, Dunston GM,
Watson HR, Bracken MB, Hoh J, Maul P, Maul T, Jedlicka AE,
Murray T, Hetmanski JB, Ashworth R, Ongaco CM, Hetrick KN,
Doheny KF, Pugh EW, Rotimi CN, Ford J, Eng C, Burchard EG,
Sleiman PM, Hakonarson H, Forno E, Raby BA, Weiss ST, Scott
AF, Kabesch M, Liang L, Abecasis G, Moffatt MF, CooksonWO,
Ruczinski I, Beaty TH, Barnes KC (2010) A genome-wide asso-
ciation study on African-ancestry populations for asthma. J
Allergy Clin Immunol 125(2):336–346 e334. https://doi.org/10.
1016/j.jaci.2009.08.031

20. Almoguera B, Vazquez L, Mentch F, Connolly J, Pacheco JA,
Sundaresan AS, Peissig PL, Linneman JG, McCarty CA,
Crosslin D, Carrell DS, Lingren T, Namjou-Khales B, Harley
JB, Larson E, Jarvik GP, Brilliant M, Williams MS, Kullo IJ,
Hysinger EB, Sleiman PM, Hakonarson H (2017) Identification

Semin Immunopathol (2020) 42:43–60 55

https://doi.org/10.1038/s41588-017-0014-7
https://doi.org/10.2217/epi-2016-0162
https://doi.org/10.2217/epi-2016-0162
https://doi.org/10.1016/j.jaci.2018.07.009
https://doi.org/10.1016/j.jaci.2018.07.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/pai.12903
https://doi.org/10.1289/ehp.1307459
https://doi.org/10.1038/ng.549
https://doi.org/10.4161/auto.26337
https://doi.org/10.1038/nature10251
https://doi.org/10.1183/13993003.02142-2018
https://doi.org/10.1183/13993003.02142-2018
https://doi.org/10.1186/s12920-018-0331-4
https://doi.org/10.2500/aap.2018.39.4100
https://doi.org/10.1016/j.jaci.2009.08.031
https://doi.org/10.1016/j.jaci.2009.08.031


of four novel loci in asthma in European American and African
American populations. Am J Respir Crit Care Med 195(4):456–
463. https://doi.org/10.1164/rccm.201604-0861OC

21. Torgerson DG, Ampleford EJ, Chiu GY, Gauderman WJ,
Gignoux CR, Graves PE, Himes BE, Levin AM, Mathias RA,
Hancock DB, Baurley JW, Eng C, Stern DA, Celedon JC,
Rafaels N, Capurso D, Conti DV, Roth LA, Soto-Quiros M,
Togias A, Li X, Myers RA, Romieu I, Van Den Berg DJ, Hu D,
Hansel NN, Hernandez RD, Israel E, SalamMT, Galanter J, Avila
PC, Avila L, Rodriquez-Santana JR, Chapela R, Rodriguez-
Cintron W, Diette GB, Adkinson NF, Abel RA, Ross KD, Shi
M, Faruque MU, Dunston GM, Watson HR, Mantese VJ,
Ezurum SC, Liang L, Ruczinski I, Ford JG, Huntsman S,
Chung KF, Vora H, Li X, Calhoun WJ, Castro M, Sienra-
Monge JJ, del Rio-Navarro B, Deichmann KA, Heinzmann A,
Wenzel SE, Busse WW, Gern JE, Lemanske RF Jr, Beaty TH,
Bleecker ER, Raby BA, Meyers DA, London SJ, Mexico City
Childhood Asthma S, Gilliland FD, Children's Health S, study H,
Burchard EG, Genetics of Asthma in Latino Americans Study
SoG-E, Admixture in Latino A, Study of African Americans
AG, Environments, Martinez FD, Childhood Asthma R,
Education N, Weiss ST, Childhood Asthma Management P,
Williams LK, Study of Asthma P, Pharmacogenomic
Interactions by R-E, Barnes KC, Genetic Research on Asthma
in African Diaspora S, Ober C, Nicolae DL (2011) Meta-
analysis of genome-wide association studies of asthma in ethni-
cally diverse North American populations. Nat Genet 43(9):887–
892. https://doi.org/10.1038/ng.888

22. DayaM, Rafaels N, Brunetti TM, Chavan S, Levin AM, Shetty A,
Gignoux CR, Boorgula MP, Wojcik G, Campbell M, Vergara C,
Torgerson DG, Ortega VE, Doumatey A, Johnston HR, Acevedo
N, Araujo MI, Avila PC, Belbin G, Bleecker E, Bustamante C,
Caraballo L, Cruz A, Dunston GM, Eng C, Faruque MU,
Ferguson TS, Figueiredo C, Ford JG, Gan W, Gourraud PA,
Hansel NN, Hernandez RD, Herrera-Paz EF, Jimenez S, Kenny
EE, Knight-Madden J, Kumar R, Lange LA, Lange EM, Lizee A,
Maul P, Maul T, Mayorga A, Meyers D, Nicolae DL, O'Connor
TD, Oliveira RR, Olopade CO, Olopade O, Qin ZS, Rotimi C,
Vince N, Watson H, Wilks RJ, Wilson JG, Salzberg S, Ober C,
Burchard EG, Williams LK, Beaty TH, Taub MA, Ruczinski I,
Mathias RA, Barnes KC, Caapa (2019) Association study in
African-admixed populations across the Americas recapitulates
asthma risk loci in non-African populations. Nat Commun 10
(1):880. doi:https://doi.org/10.1038/s41467-019-08469-7

23. Lai CK, Beasley R, Crane J, Foliaki S, Shah J, Weiland S,
International Study of A, Allergies in Childhood Phase Three
Study G (2009) Global variation in the prevalence and severity
of asthma symptoms: phase three of the International Study of
Asthma and Allergies in Childhood (ISAAC). Thorax 64(6):
476–483. https://doi.org/10.1136/thx.2008.106609

24. Kanazawa J, Kitazawa H, Masuko H, Yatagai Y, Sakamoto T,
Kaneko Y, Iijima H, Naito T, Saito T, Noguchi E, Konno S,
Nishimura M, Hirota T, Tamari M, Hizawa N (2019) A cis-
eQTL allele regulating reduced expression of CHI3L1 is associat-
ed with late-onset adult asthma in Japanese cohorts. BMC Med
Genet 20(1):58. https://doi.org/10.1186/s12881-019-0786-y

25. Guo H, Peng T, Luo P, Li H, Huang S, Li S, Zhao W, Zhou X
(2018) Association of FcepsilonRIbeta polymorphisms with risk
of asthma and allergic rhinitis: evidence based on 29 case-control
studies. Biosci Rep 38(4). https://doi.org/10.1042/BSR20180177

26. Xu CJ, Soderhall C, Bustamante M, Baiz N, Gruzieva O, Gehring
U, Mason D, Chatzi L, Basterrechea M, Llop S, Torrent M,
Forastiere F, Fantini MP, Carlsen KCL, Haahtela T, Morin A,
Kerkhof M, Merid SK, van Rijkom B, Jankipersadsing SA,
Bonder MJ, Ballereau S, Vermeulen CJ, Aguirre-Gamboa R, de
Jongste JC, Smit HA, Kumar A, Pershagen G, Guerra S, Garcia-

Aymerich J, Greco D, Reinius L, McEachan RRC, Azad R,
Hovland V, Mowinckel P, Alenius H, Fyhrquist N, Lemonnier
N, Pellet J, Auffray C, Consortium B, van der Vlies P, van
Diemen CC, Li Y, Wijmenga C, Netea MG, Moffatt MF,
Cookson W, Anto JM, Bousquet J, Laatikainen T, Laprise C,
Carlsen KH, Gori D, Porta D, Iniguez C, Bilbao JR, Kogevinas
M, Wright J, Brunekreef B, Kere J, Nawijn MC, Annesi-Maesano
I, Sunyer J, Melen E, Koppelman GH (2018) DNAmethylation in
childhood asthma: an epigenome-wide meta-analysis. Lancet
Respir Med. https://doi.org/10.1016/S2213-2600(18)30052-3

27. Reese SE, Xu CJ, den Dekker HT, Lee MK, Sikdar S, Ruiz-
Arenas C, Merid SK, Rezwan FI, Page CM, Ullemar V, Melton
PE, Oh SS, Yang IV, Burrows K, Soderhall C, Jima DD, Gao L,
Arathimos R, Kupers LK,WielscherM, Rzehak P, Lahti J, Laprise
C, Madore AM, Ward J, Bennett BD, Wang T, Bell DA, consor-
tium B, Vonk JM, Haberg SE, Zhao S, Karlsson R, Hollams E, Hu
D, Richards AJ, BergstromA, Sharp GC, Felix JF, BustamanteM,
Gruzieva O, Maguire RL, Gilliland F, Baiz N, Nohr EA,
Corpeleijn E, Sebert S, Karmaus W, Grote V, Kajantie E,
Magnus MC, Ortqvist AK, Eng C, Liu AH, Kull I, VWV J,
Sunyer J, Kere J, Hoyo C, Annesi-Maesano I, Arshad SH,
Koletzko B, Brunekreef B, Binder EB, Raikkonen K, Reischl E,
Holloway JW, Jarvelin MR, Snieder H, Kazmi N, Breton CV,
Murphy SK, Pershagen G, Anto JM, Relton CL, Schwartz DA,
Burchard EG, Huang RC, Nystad W, Almqvist C, Henderson AJ,
Melen E, Duijts L, Koppelman GH, London SJ (2019)
Epigenome-wide meta-analysis of DNA methylation and child-
hood asthma. J Allergy Clin Immunol 143(6):2062–2074.
https://doi.org/10.1016/j.jaci.2018.11.043

28. Forno E, Wang T, Qi C, Yan Q, Xu CJ, Boutaoui N, Han YY,
Weeks DE, Jiang Y, Rosser F, Vonk JM, Brouwer S, Acosta-Perez
E, Colon-Semidey A, Alvarez M, Canino G, Koppelman GH,
Chen W, Celedon JC (2019) DNA methylation in nasal epitheli-
um, atopy, and atopic asthma in children: a genome-wide study.
Lancet Respir Med 7(4):336–346. https://doi.org/10.1016/S2213-
2600(18)30466-1

29. Yang IV, Pedersen BS, Liu AH, O'Connor GT, Pillai D, Kattan M,
Misiak RT, Gruchalla R, Szefler SJ, Khurana Hershey GK,
Kercsmar C, Richards A, Stevens AD, Kolakowski CA, Makhija
M, Sorkness CA, Krouse RZ, Visness C, Davidson EJ, Hennessy
CE, Martin RJ, Togias A, Busse WW, Schwartz DA (2017) The
nasal methylome and childhood atopic asthma. J Allergy Clin
Immunol 139(5):1478–1488. https://doi.org/10.1016/j.jaci.2016.
07.036

30. Cardenas A, Sordillo JE, Rifas-Shiman SL, Chung W, Liang L,
Coull BA, Hivert MF, Lai PS, Forno E, Celedon JC, Litonjua AA,
Brennan KJ, DeMeoDL, Baccarelli AA, Oken E, Gold DR (2019)
The nasal methylome as a biomarker of asthma and airway inflam-
mation in children. Nat Commun 10(1):3095. https://doi.org/10.
1038/s41467-019-11058-3

31. Edris A, den Dekker HT, Melen E, Lahousse L (2019)
Epigenome-wide association studies in asthma: a systematic re-
view. Clin Exp Allergy 49(7):953–968. https://doi.org/10.1111/
cea.13403

32. Nicodemus-Johnson J, Myers RA, Sakabe NJ, Sobreira DR,
Hogarth DK, Naureckas ET, Sperling AI, Solway J, White SR,
Nobrega MA, Nicolae DL, Gilad Y, Ober C (2016) DNA meth-
ylation in lung cells is associated with asthma endotypes and ge-
netic risk. JCI Insight 1(20):e90151. https://doi.org/10.1172/jci.
insight.90151

33. Martino D, Neeland M, Dang T, Cobb J, Ellis J, Barnett A, Tang
M, Vuillermin P, Allen K, Saffery R (2018) Epigenetic dysregu-
lation of naive CD4+ T-cell activation genes in childhood food
allergy. Nat Commun 9(1):3308. https://doi.org/10.1038/s41467-
018-05608-4

56 Semin Immunopathol (2020) 42:43–60

https://doi.org/10.1164/rccm.201604-0861OC
https://doi.org/10.1038/ng.888
https://doi.org/10.1038/s41467-019-08469-7
https://doi.org/10.1136/thx.2008.106609
https://doi.org/10.1186/s12881-019-0786-y
https://doi.org/10.1042/BSR20180177
https://doi.org/10.1016/S2213-2600(18)30052-3
https://doi.org/10.1016/j.jaci.2018.11.043
https://doi.org/10.1016/S2213-2600(18)30466-1
https://doi.org/10.1016/S2213-2600(18)30466-1
https://doi.org/10.1016/j.jaci.2016.07.036
https://doi.org/10.1016/j.jaci.2016.07.036
https://doi.org/10.1038/s41467-019-11058-3
https://doi.org/10.1038/s41467-019-11058-3
https://doi.org/10.1111/cea.13403
https://doi.org/10.1111/cea.13403
https://doi.org/10.1172/jci.insight.90151
https://doi.org/10.1172/jci.insight.90151
https://doi.org/10.1038/s41467-018-05608-4
https://doi.org/10.1038/s41467-018-05608-4


34. Arathimos R, Suderman M, Sharp GC, Burrows K, Granell R,
Tilling K, Gaunt TR, Henderson J, Ring S, Richmond RC,
Relton CL (2017) Epigenome-wide association study of asthma
andwheeze in childhood and adolescence. Clin Epigenetics 9:112.
https://doi.org/10.1186/s13148-017-0414-7

35. Liang L, Willis-Owen SA, Laprise C, Wong KC, Davies GA,
Hudson TJ, Binia A, Hopkin JM, Yang IV, Grundberg E,
Busche S, Hudson M, Ronnblom L, Pastinen TM, Schwartz
DA, Lathrop GM, Moffatt MF, Cookson WO (2015) An
epigenome-wide association study of total serum immunoglobulin
E concentration. Nature 520(7549):670–674. https://doi.org/10.
1038/nature14125

36. Guerra S, Melen E, Sunyer J, Xu CJ, Lavi I, Benet M, Bustamante
M, Carsin AE, Dobano C, Guxens M, Tischer C, VrijheidM, Kull
I, Bergstrom A, Kumar A, Soderhall C, Gehring U, Dijkstra DJ,
van der Vlies P, Wickman M, Bousquet J, Postma DS, Anto JM,
Koppelman GH (2018) Genetic and epigenetic regulation of
YKL-40 in childhood. J Allergy Clin Immunol 141(3):1105–
1114. https://doi.org/10.1016/j.jaci.2017.06.030

37. DeVries A, Wlasiuk G, Miller SJ, Bosco A, Stern DA, Lohman
IC, Rothers J, Jones AC, Nicodemus-Johnson J, Vasquez MM,
Curtin JA, Simpson A, Custovic A, Jackson DJ, Gern JE,
Lemanske RF Jr, Guerra S, Wright AL, Ober C, Halonen M,
Vercelli D (2017) Epigenome-wide analysis links SMAD3 meth-
ylation at birth to asthma in children of asthmatic mothers. J
Allergy Clin Immunol 140(2):534–542. https://doi.org/10.1016/j.
jaci.2016.10.041

38. Barton SJ, Ngo S, Costello P, Garratt E, El-Heis S, Antoun E,
Clarke-Harris R, Murray R, Bhatt T, Burdge G, Cooper C,
Inskip H, van der Beek EM, Sheppard A, Godfrey KM,
Lillycrop KA, EpiGen C (2017) DNAmethylation of Th2 lineage
determination genes at birth is associated with allergic outcomes in
childhood. Clin Exp Allergy 47(12):1599–1608. https://doi.org/
10.1111/cea.12988

39. Andersen GB, Tost J (2018) A summary of the biological process-
es, disease-associated changes, and clinical applications of DNA
methylation. Methods Mol Biol 1708:3–30. https://doi.org/10.
1007/978-1-4939-7481-8_1

40. Perry MM, Lavender P, Kuo CS, Galea F, Michaeloudes C,
Flanagan JM, Fan ChungK,Adcock IM (2018) DNAmethylation
modules in airway smooth muscle are associated with asthma
severity. Eur Respir J 51(4). https://doi.org/10.1183/13993003.
01068-2017

41. Rodriguez E, Baurecht H, Wahn AF, Kretschmer A, Hotze M,
Zeilinger S, Klopp N, Illig T, Schramm K, Prokisch H, Kuhnel
B, Gieger C, Harder J, Cifuentes L, Novak N,Weidinger S (2014)
An integrated epigenetic and transcriptomic analysis reveals dis-
tinct tissue-specific patterns of DNA methylation associated with
atopic dermatitis. J Investig Dermatol 134(7):1873–1883. https://
doi.org/10.1038/jid.2014.87

42. Yang IV, Pedersen BS, Liu A, O'Connor GT, Teach SJ, Kattan M,
Misiak RT, Gruchalla R, Steinbach SF, Szefler SJ, Gill MA,
Calatroni A, David G, Hennessy CE, Davidson EJ, Zhang W,
Gergen P, Togias A, BusseWW, Schwartz DA (2015) DNAmeth-
ylation and childhood asthma in the inner city. J Allergy Clin
Immunol 136(1):69–80. https://doi.org/10.1016/j.jaci.2015.01.
025

43. Bird A (2017) Genetic determinants of the epigenome in develop-
ment and cancer. Swiss Med Wkly 147:w14523. https://doi.org/
10.4414/smw.2017.14523

44. Bonder MJ, Luijk R, Zhernakova DV, Moed M, Deelen P,
Vermaat M, van Iterson M, van Dijk F, van Galen M, Bot J,
Slieker RC, Jhamai PM, Verbiest M, Suchiman HE, Verkerk M,
van der Breggen R, van Rooij J, Lakenberg N, Arindrarto W,
Kielbasa SM, Jonkers I, van’t Hof P, Nooren I, Beekman M,
Deelen J, van Heemst D, Zhernakova A, Tigchelaar EF, Swertz

MA, Hofman A, Uitterlinden AG, Pool R, van Dongen J,
Hottenga JJ, Stehouwer CD, van der Kallen CJ, Schalkwijk CG,
van den Berg LH, van Zwet EW, Mei H, Li Y, Lemire M, Hudson
TJ, Consortium B, Slagboom PE, Wijmenga C, Veldink JH, van
Greevenbroek MM, van Duijn CM, Boomsma DI, Isaacs A,
Jansen R, van Meurs JB, tHoen PA, Franke L, Heijmans BT
(2017) Disease variants alter transcription factor levels and meth-
ylation of their binding sites. Nat Genet 49 (1):131–138. doi:
https://doi.org/10.1038/ng.3721

45. Morin A, Laviolette M, Pastinen T, Boulet LP, Laprise C (2017)
Combining omics data to identify genes associated with allergic
rhinitis. Clin Epigenetics 9:3. https://doi.org/10.1186/s13148-017-
0310-1

46. Kogan V, Millstein J, London SJ, Ober C, White SR, Naureckas
ET, Gauderman WJ, Jackson DJ, Barraza-Villarreal A, Romieu I,
Raby BA, Breton CV (2018) Genetic-epigenetic interactions in
asthma revealed by a genome-wide gene-centric search. Hum
Hered 83(3):130–152. https://doi.org/10.1159/000489765

47. ChenW,Wang T, Pino-Yanes M, Forno E, Liang L, Yan Q, Hu D,
Weeks DE, Baccarelli A, Acosta-Perez E, Eng C, Han YY,
Boutaoui N, Laprise C, Davies GA, Hopkin JM, Moffatt MF,
Cookson W, Canino G, Burchard EG, Celedon JC (2017) An
epigenome-wide association study of total serum IgE in
Hispanic children. J Allergy Clin Immunol 140(2):571–577.
https://doi.org/10.1016/j.jaci.2016.11.030

48. Hong X, Ladd-Acosta C, Hao K, Sherwood B, Ji H, Keet CA,
Kumar R, CarusoD, LiuX,WangG, Chen Z, Ji Y,MaoG,Walker
SO, Bartell TR, Ji Z, Sun Y, Tsai HJ, Pongracic JA, Weeks DE,
Wang X (2016) Epigenome-wide association study links site-
specific DNA methylation changes with cow's milk allergy. J
Allergy Clin Immunol 138(3):908–911 e909. https://doi.org/10.
1016/j.jaci.2016.01.056

49. Martino D, Joo JE, Sexton-Oates A, Dang T, Allen K, Saffery R,
Prescott S (2014) Epigenome-wide association study reveals lon-
gitudinally stable DNA methylation differences in CD4+ T cells
from children with IgE-mediated food allergy. Epigenetics 9(7):
998–1006. https://doi.org/10.4161/epi.28945

50. Nestor CE, Barrenas F, Wang H, Lentini A, Zhang H, Bruhn S,
Jornsten R, Langston MA, Rogers G, Gustafsson M, Benson M
(2014) DNA methylation changes separate allergic patients from
healthy controls and may reflect altered CD4+ T-cell population
structure. PLoS Genet 10(1):e1004059. https://doi.org/10.1371/
journal.pgen.1004059

51. North ML, Jones MJ, MacIsaac JL, Morin AM, Steacy LM,
Gregor A, Kobor MS, Ellis AK (2018) Blood and nasal epige-
netics correlate with allergic rhinitis symptom development in the
environmental exposure unit. Allergy 73(1):196–205. https://doi.
org/10.1111/all.13263

52. Baskara-Yhuellou I, Tost J (2020) The impact of microRNAs on
alterations of gene regulatory networks in allergic diseases. Adv
Protein Chem Struct Biol 120

53. Alaskhar Alhamwe B, Khalaila R, Wolf J, von Bulow V, Harb H,
Alhamdan F, Hii CS, Prescott SL, Ferrante A, Renz H, Garn H,
Potaczek DP (2018) Histone modifications and their role in epi-
genetics of atopy and allergic diseases. Allergy, Asthma Clin
Immunol 14:39. https://doi.org/10.1186/s13223-018-0259-4

54. Joubert BR, Felix JF, Yousefi P, Bakulski KM, Just AC, Breton C,
Reese SE, Markunas CA, Richmond RC, Xu CJ, Kupers LK, Oh
SS, Hoyo C, Gruzieva O, Soderhall C, Salas LA, Baiz N, Zhang
H, Lepeule J, Ruiz C, Ligthart S, Wang T, Taylor JA, Duijts L,
Sharp GC, Jankipersadsing SA, Nilsen RM, Vaez A, Fallin MD,
Hu D, Litonjua AA, Fuemmeler BF, Huen K, Kere J, Kull I,
Munthe-Kaas MC, Gehring U, Bustamante M, Saurel-
Coubizolles MJ, Quraishi BM, Ren J, Tost J, Gonzalez JR,
Peters MJ, Haberg SE, Xu Z, van Meurs JB, Gaunt TR, Kerkhof
M, Corpeleijn E, Feinberg AP, Eng C, Baccarelli AA, Benjamin

Semin Immunopathol (2020) 42:43–60 57

https://doi.org/10.1186/s13148-017-0414-7
https://doi.org/10.1038/nature14125
https://doi.org/10.1038/nature14125
https://doi.org/10.1016/j.jaci.2017.06.030
https://doi.org/10.1016/j.jaci.2016.10.041
https://doi.org/10.1016/j.jaci.2016.10.041
https://doi.org/10.1111/cea.12988
https://doi.org/10.1111/cea.12988
https://doi.org/10.1007/978-1-4939-7481-8_1
https://doi.org/10.1007/978-1-4939-7481-8_1
https://doi.org/10.1183/13993003.01068-2017
https://doi.org/10.1183/13993003.01068-2017
https://doi.org/10.1038/jid.2014.87
https://doi.org/10.1038/jid.2014.87
https://doi.org/10.1016/j.jaci.2015.01.025
https://doi.org/10.1016/j.jaci.2015.01.025
https://doi.org/10.4414/smw.2017.14523
https://doi.org/10.4414/smw.2017.14523
https://doi.org/10.1038/ng.3721
https://doi.org/10.1186/s13148-017-0310-1
https://doi.org/10.1186/s13148-017-0310-1
https://doi.org/10.1159/000489765
https://doi.org/10.1016/j.jaci.2016.11.030
https://doi.org/10.1016/j.jaci.2016.01.056
https://doi.org/10.1016/j.jaci.2016.01.056
https://doi.org/10.4161/epi.28945
https://doi.org/10.1371/journal.pgen.1004059
https://doi.org/10.1371/journal.pgen.1004059
https://doi.org/10.1111/all.13263
https://doi.org/10.1111/all.13263
https://doi.org/10.1186/s13223-018-0259-4


Neelon SE, Bradman A, Merid SK, Bergstrom A, Herceg Z,
Hernandez-Vargas H, Brunekreef B, Pinart M, Heude B, Ewart
S, Yao J, Lemonnier N, Franco OH,WuMC, HofmanA,McArdle
W, Van der Vlies P, Falahi F, Gillman MW, Barcellos LF, Kumar
A, Wickman M, Guerra S, Charles MA, Holloway J, Auffray C,
Tiemeier HW, Smith GD, Postma D, Hivert MF, Eskenazi B,
Vrijheid M, Arshad H, Anto JM, Dehghan A, Karmaus W,
Annesi-Maesano I, Sunyer J, Ghantous A, Pershagen G, Holland
N, Murphy SK, DeMeo DL, Burchard EG, Ladd-Acosta C,
Snieder H, Nystad W, Koppelman GH, Relton CL, Jaddoe VW,
Wilcox A, Melen E, London SJ (2016) DNA methylation in new-
borns and maternal smoking in pregnancy: genome-wide consor-
tium meta-analysis. Am J Hum Genet 98(4):680–696. https://doi.
org/10.1016/j.ajhg.2016.02.019

55. Rauschert S, Melton PE, Burdge G, Craig JM, Godfrey KM,
Holbrook JD, Lillycrop K, Mori TA, Beilin LJ, Oddy WH,
Pennell C, Huang RC (2019)Maternal smoking during pregnancy
induces persistent epigenetic changes into adolescence, indepen-
dent of postnatal smoke exposure and is associated with cardio-
metabolic risk. Front Genet 10:770. https://doi.org/10.3389/fgene.
2019.00770

56. Rider CF, Carlsten C (2019) Air pollution and DNA methylation:
effects of exposure in humans. Clin Epigenetics 11(1):131. https://
doi.org/10.1186/s13148-019-0713-2

57. Abraham E, Rousseaux S, Agier L, Giorgis-Allemand L, Tost J,
Galineau J, Hulin A, Siroux V, Vaiman D, Charles MA, Heude B,
Forhan A, Schwartz J, Chuffart F, Bourova-Flin E, Khochbin S,
Slama R, Lepeule J, group Em-ccs (2018) Pregnancy exposure to
atmospheric pollution and meteorological conditions and placen-
tal DNA methylation. Environ Int 118:334–347. doi:https://doi.
org/10.1016/j.envint.2018.05.007

58. Li Y, Zhou J, Rui X, Zhou L, Mo X (2019) PM2.5 exposure
exacerbates allergic rhinitis in mice by increasing DNA methyla-
tion in the IFN-gamma gene promoter in CD4+T cells via the
ERK-DNMT pathway. Toxicol Lett 301:98–107. https://doi.org/
10.1016/j.toxlet.2018.11.012

59. Clifford RL, Jones MJ, MacIsaac JL, McEwen LM, Goodman SJ,
Mostafavi S, Kobor MS, Carlsten C (2017) Inhalation of diesel
exhaust and allergen alters human bronchial epithelium DNA
methylation. J Allergy Clin Immunol 139(1):112–121. https://
doi.org/10.1016/j.jaci.2016.03.046

60. Somineni HK, Zhang X, Biagini Myers JM, Kovacic MB, UlmA,
Jurcak N, Ryan PH, KhuranaHersheyGK, Ji H (2016) Ten-eleven
translocation 1 (TET1) methylation is associated with childhood
asthma and traffic-related air pollution. J Allergy Clin Immunol
137(3):797–805 e795. https://doi.org/10.1016/j.jaci.2015.10.021

61. Burleson JD, Siniard D, Yadagiri VK, Chen X, Weirauch MT,
Ruff BP, Brandt EB, Hershey GKK, Ji H (2019) TET1 contributes
to allergic airway inflammation and regulates interferon and aryl
hydrocarbon receptor signaling pathways in bronchial epithelial
cells. Sci Rep 9(1):7361. https://doi.org/10.1038/s41598-019-
43767-6

62. Tsamou M, Vrijens K, Madhloum N, Lefebvre W, Vanpoucke C,
Nawrot TS (2018) Air pollution-induced placental epigenetic al-
terations in early life: a candidate miRNA approach. Epigenetics
13(2):135–146. https://doi.org/10.1080/15592294.2016.1155012

63. Gruber C, Nilsson L, Bjorksten B (2001) Do early childhood
immunizations influence the development of atopy and do they
cause allergic reactions? Pediatr Allergy Immunol 12(6):296–311.
https://doi.org/10.1034/j.1399-3038.2001.1r046.x

64. Nilsson L, Brockow K, Alm J, Cardona V, Caubet JC, Gomes E,
Jenmalm MC, Lau S, Netterlid E, Schwarze J, Sheikh A,
Storsaeter J, Skevaki C, Terreehorst I, Zanoni G (2017)
Vaccination and allergy: EAACI position paper, practical aspects.
Pediatr Allergy Immunol 28(7):628–640. https://doi.org/10.1111/
pai.12762

65. Janjanam VD, Mukherjee N, Lockett GA, Rezwan FI,
Kurukulaaratchy R, Mitchell F, Zhang H, Arshad H, Holloway
JW, Karmaus W (2016) Tetanus vaccination is associated with
differential DNA-methylation: reduces the risk of asthma in ado-
lescence. Vaccine 34(51):6493–6501. https://doi.org/10.1016/j.
vaccine.2016.10.068

66. Kyburz A, Urban S, Altobelli A, Floess S, Huehn J, Cover TL,
Muller A (2017) Helicobacter pylori and its secreted immunomod-
ulator VacA protect against anaphylaxis in experimental models of
food allergy. Clin Exp Allergy 47(10):1331–1341. https://doi.org/
10.1111/cea.12996

67. Horvath S, Raj K (2018) DNAmethylation-based biomarkers and
the epigenetic clock theory of ageing. Nat Rev Genet 19(6):371–
384. https://doi.org/10.1038/s41576-018-0004-3

68. Armstrong NJ, Mather KA, Thalamuthu A, Wright MJ, Trollor
JN, Ames D, Brodaty H, Schofield PR, Sachdev PS, Kwok JB
(2017) Aging, exceptional longevity and comparisons of the
Hannum and Horvath epigenetic clocks. Epigenomics 9(5):689–
700. https://doi.org/10.2217/epi-2016-0179

69. Peng C, Cardenas A, Rifas-Shiman SL, Hivert MF, Gold DR,
Platts-Mills TA, Lin X, Oken E, Avila L, Celedon JC, Weiss ST,
Baccarelli AA, Litonjua AA, DeMeo DL (2019) Epigenetic age
acceleration is associated with allergy and asthma in children in
Project Viva. J Allergy Clin Immunol 143(6):2263–2270 e2214.
https://doi.org/10.1016/j.jaci.2019.01.034

70. Kabesch M (2009) Pharmacogenetics of beta(2)-agonists in chil-
dren. J Allergy Clin Immunol 124(6):1195–1196. https://doi.org/
10.1016/j.jaci.2009.09.023

71. Farzan N, Vijverberg SJ, Kabesch M, Sterk PJ, Maitland-van der
Zee AH (2018) The use of pharmacogenomics, epigenomics, and
transcriptomics to improve childhood asthma management: where
do we stand? Pediatr Pulmonol 53(6):836–845. https://doi.org/10.
1002/ppul.23976

72. Hernandez-Pacheco N, Pino-Yanes M, Flores C (2019) Genomic
predictors of asthma phenotypes and treatment response. Front
Pediatr 7:6. https://doi.org/10.3389/fped.2019.00006

73. Oh KS, Patel H, Gottschalk RA, Lee WS, Baek S, Fraser IDC,
Hager GL, Sung MH (2017) Anti-inflammatory chromatinscape
suggests alternative mechanisms of glucocorticoid receptor action.
Immunity 47(2):298–309 e295. https://doi.org/10.1016/j.immuni.
2017.07.012

74. Bhavsar P, Ahmad T, Adcock IM (2008) The role of histone
deacetylases in asthma and allergic diseases. J Allergy Clin
Immunol 121(3):580–584. https://doi.org/10.1016/j.jaci.2007.12.
1156

75. Hew M, Bhavsar P, Torrego A, Meah S, Khorasani N, Barnes PJ,
Adcock I, Chung KF (2006) Relative corticosteroid insensitivity
of peripheral blood mononuclear cells in severe asthma. Am J
Respir Crit Care Med 174(2):134–141. https://doi.org/10.1164/
rccm.200512-1930OC

76. Kobayashi Y, Bossley C, Gupta A, Akashi K, Tsartsali L,Mercado
N, Barnes PJ, Bush A, Ito K (2014) Passive smoking impairs
histone deacetylase-2 in children with severe asthma. Chest
145(2):305–312. https://doi.org/10.1378/chest.13-0835

77. Wan ES, Qiu W, Baccarelli A, Carey VJ, Bacherman H, Rennard
SI, Agusti A, Anderson WH, Lomas DA, DeMeo DL (2012)
Systemic steroid exposure is associated with differential methyla-
tion in chronic obstructive pulmonary disease. Am J Respir Crit
Care Med 186(12):1248–1255. https://doi.org/10.1164/rccm.
201207-1280OC

78. Xiao C, Biagini Myers JM, Ji H, Metz K, Martin LJ, Lindsey M,
He H, Powers R, Ulm A, Ruff B, Ericksen MB, Somineni HK,
Simmons J, Strait RT, Kercsmar CM, Khurana Hershey GK
(2015) Vanin-1 expression and methylation discriminate pediatric
asthma corticosteroid treatment response. J Allergy Clin Immunol
136(4):923–931 e923. https://doi.org/10.1016/j.jaci.2015.01.045

58 Semin Immunopathol (2020) 42:43–60

https://doi.org/10.1016/j.ajhg.2016.02.019
https://doi.org/10.1016/j.ajhg.2016.02.019
https://doi.org/10.3389/fgene.2019.00770
https://doi.org/10.3389/fgene.2019.00770
https://doi.org/10.1186/s13148-019-0713-2
https://doi.org/10.1186/s13148-019-0713-2
https://doi.org/10.1016/j.envint.2018.05.007
https://doi.org/10.1016/j.envint.2018.05.007
https://doi.org/10.1016/j.toxlet.2018.11.012
https://doi.org/10.1016/j.toxlet.2018.11.012
https://doi.org/10.1016/j.jaci.2016.03.046
https://doi.org/10.1016/j.jaci.2016.03.046
https://doi.org/10.1016/j.jaci.2015.10.021
https://doi.org/10.1038/s41598-019-43767-6
https://doi.org/10.1038/s41598-019-43767-6
https://doi.org/10.1080/15592294.2016.1155012
https://doi.org/10.1034/j.1399-3038.2001.1r046.x
https://doi.org/10.1111/pai.12762
https://doi.org/10.1111/pai.12762
https://doi.org/10.1016/j.vaccine.2016.10.068
https://doi.org/10.1016/j.vaccine.2016.10.068
https://doi.org/10.1111/cea.12996
https://doi.org/10.1111/cea.12996
https://doi.org/10.1038/s41576-018-0004-3
https://doi.org/10.2217/epi-2016-0179
https://doi.org/10.1016/j.jaci.2019.01.034
https://doi.org/10.1016/j.jaci.2009.09.023
https://doi.org/10.1016/j.jaci.2009.09.023
https://doi.org/10.1002/ppul.23976
https://doi.org/10.1002/ppul.23976
https://doi.org/10.3389/fped.2019.00006
https://doi.org/10.1016/j.immuni.2017.07.012
https://doi.org/10.1016/j.immuni.2017.07.012
https://doi.org/10.1016/j.jaci.2007.12.1156
https://doi.org/10.1016/j.jaci.2007.12.1156
https://doi.org/10.1164/rccm.200512-1930OC
https://doi.org/10.1164/rccm.200512-1930OC
https://doi.org/10.1378/chest.13-0835
https://doi.org/10.1164/rccm.201207-1280OC
https://doi.org/10.1164/rccm.201207-1280OC
https://doi.org/10.1016/j.jaci.2015.01.045


79. Zhang X, Biagini Myers JM, Yadagiri VK, Ulm A, Chen X,
Weirauch MT, Khurana Hershey GK, Ji H (2017) Nasal DNA
methylation differentiates corticosteroid treatment response in pe-
diatric asthma: a pilot study. PLoS One 12(10):e0186150. https://
doi.org/10.1371/journal.pone.0186150

80. Kere M, Gruzieva O, Ullemar V, Soderhall C, Greco D, Kull I,
Bergstrom A, Pershagen G, Almqvist C, Melen E (2019) Effects
of inhaled corticosteroids onDNAmethylation in peripheral blood
cells in children with asthma. Allergy. https://doi.org/10.1111/all.
14043

81. Wang AL, Gruzieva O, Qiu W, Kebede Merid S, Celedon JC,
Raby BA, Soderhall C, DeMeo DL, Weiss ST, Melen E,
Tantisira KG (2019) DNA methylation is associated with inhaled
corticosteroid response in persistent childhood asthmatics. Clin
Exp Allergy 49(9):1225–1234. https://doi.org/10.1111/cea.13447

82. Berthon BS, Gibson PG, Wood LG, MacDonald-Wicks LK,
Baines KJ (2017) A sputum gene expression signature predicts
oral corticosteroid response in asthma. Eur Respir J 49(6). https://
doi.org/10.1183/13993003.00180-2017

83. Baines KJ, Simpson JL, Wood LG, Scott RJ, Fibbens NL, Powell
H, Cowan DC, Taylor DR, Cowan JO, Gibson PG (2014) Sputum
gene expression signature of 6 biomarkers discriminates asthma
inflammatory phenotypes. J Allergy Clin Immunol 133(4):997–
1007. https://doi.org/10.1016/j.jaci.2013.12.1091

84. Solberg OD, Ostrin EJ, Love MI, Peng JC, Bhakta NR, Hou L,
Nguyen C, Solon M, Nguyen C, Barczak AJ, Zlock LT, Blagev
DP, Finkbeiner WE, Ansel KM, Arron JR, Erle DJ, Woodruff PG
(2012) Airway epithelial miRNA expression is altered in asthma.
Am J Respir Crit Care Med 186(10):965–974. https://doi.org/10.
1164/rccm.201201-0027OC

85. Elbehidy RM, Youssef DM, El-Shal AS, Shalaby SM, Sherbiny
HS, Sherief LM, Akeel NE (2016) MicroRNA-21 as a novel bio-
marker in diagnosis and response to therapy in asthmatic children.
Mol Immunol 71:107–114. https://doi.org/10.1016/j.molimm.
2015.12.015

86. Milger K, Gotschke J, Krause L, Nathan P, Alessandrini F,
Tufman A, Fischer R, Bartel S, Theis FJ, Behr J, Dehmel S,
Mueller NS, Kneidinger N, Krauss-Etschmann S (2017)
Identification of a plasma miRNA biomarker signature for allergic
asthma: a translational approach. Allergy 72(12):1962–1971.
https://doi.org/10.1111/all.13205

87. Lu TX, Sherrill JD, Wen T, Plassard AJ, Besse JA, Abonia JP,
Franciosi JP, Putnam PE, Eby M, Martin LJ, Aronow BJ,
Rothenberg ME (2012) MicroRNA signature in patients with eo-
sinophilic esophagitis, reversibility with glucocorticoids, and as-
sessment as disease biomarkers. J Allergy Clin Immunol 129(4):
1064–1075 e1069. https://doi.org/10.1016/j.jaci.2012.01.060

88. Mak ACY, White MJ, Eckalbar WL, Szpiech ZA, Oh SS, Pino-
Yanes M, Hu D, Goddard P, Huntsman S, Galanter J, Wu AC,
Himes BE, Germer S, Vogel JM, Bunting KL, Eng C, Salazar S,
Keys KL, Liberto J, Nuckton TJ, Nguyen TA, Torgerson DG,
Kwok PY, Levin AM, Celedon JC, Forno E, Hakonarson H,
Sleiman PM, Dahlin A, Tantisira KG, Weiss ST, Serebrisky D,
Brigino-Buenaventura E, Farber HJ, Meade K, Lenoir MA,
Avila PC, Sen S, Thyne SM, Rodriguez-Cintron W, Winkler
CA, Moreno-Estrada A, Sandoval K, Rodriguez-Santana JR,
Kumar R, Williams LK, Ahituv N, Ziv E, Seibold MA, Darnell
RB, Zaitlen N, Hernandez RD, Burchard EG, Consortium NT-
OfPM (2018) Whole-genome sequencing of pharmacogenetic
drug response in racially diverse children with asthma. Am J
Respir Crit Care Med 197 (12):1552–1564. doi:https://doi.org/
10.1164/rccm.201712-2529OC

89. Sordillo JE, McGeachie M, Lutz SM, Lasky-Su J, Tantisira K,
Tsai CH, Dahlin A, Kelly R,Wu AC (2019) Longitudinal analysis
of bronchodilator response in asthmatics and effect modification

of age-related trends by genotype. Pediatr Pulmonol 54(2):158–
164. https://doi.org/10.1002/ppul.24219

90. Rider CF, Altonsy MO, Mostafa MM, Shah SV, Sasse S, Manson
ML, Yan D, Karrman-Mardh C, Miller-Larsson A, Gerber AN,
Giembycz MA, Newton R (2018) Long-acting beta2-
adrenoceptor agonists enhance glucocorticoid receptor (GR)-me-
diated transcription by gene-specific mechanisms rather than ge-
neric effects via GR. Mol Pharmacol 94(3):1031–1046. https://
doi.org/10.1124/mol.118.112755

91. Hauser AS, Chavali S, Masuho I, Jahn LJ, Martemyanov KA,
Gloriam DE, Babu MM (2018) Pharmacogenomics of GPCR
drug targets. Cell 172(1–2):41–54 e19. https://doi.org/10.1016/j.
cell.2017.11.033

92. Brand S, Kesper DA, Teich R, Kilic-Niebergall E, Pinkenburg O,
Bothur E, Lohoff M, Garn H, Pfefferle PI, Renz H (2012) DNA
methylation of TH1/TH2 cytokine genes affects sensitization and
progress of experimental asthma. J Allergy Clin Immunol 129(6):
1602–1610 e1606. https://doi.org/10.1016/j.jaci.2011.12.963

93. Liu HJ, Zhang AF, Zhao N, Li XZ (2016) Role of miR-146a in
enforcing effect of specific immunotherapy on allergic rhinitis.
Immunol Investig 45(1):1–10. https://doi.org/10.3109/08820139.
2015.1085390

94. Huehn J, Polansky JK, Hamann A (2009) Epigenetic control of
FOXP3 expression: the key to a stable regulatory T-cell lineage?
Nat Rev Immunol 9(2):83–89. https://doi.org/10.1038/nri2474

95. Toker A, Engelbert D, Garg G, Polansky JK, Floess S, Miyao T,
BaronU, Duber S, Geffers R, Giehr P, Schallenberg S, Kretschmer
K, Olek S, Walter J, Weiss S, Hori S, Hamann A, Huehn J (2013)
Active demethylation of the Foxp3 locus leads to the generation of
stable regulatory T cells within the thymus. J Immunol 190(7):
3180–3188. https://doi.org/10.4049/jimmunol.1203473

96. Syed A, Garcia MA, Lyu SC, Bucayu R, Kohli A, Ishida S,
Berglund JP, Tsai M, Maecker H, O'Riordan G, Galli SJ,
Nadeau KC (2014) Peanut oral immunotherapy results in in-
creased antigen-induced regulatory T-cell function and hypome-
thylation of forkhead box protein 3 (FOXP3). J Allergy Clin
Immunol 133(2):500–510. https://doi.org/10.1016/j.jaci.2013.12.
1037

97. Paparo L, Nocerino R, Cosenza L, Aitoro R, D'Argenio V, Del
Monaco V, Di Scala C, Amoroso A, Di Costanzo M, Salvatore F,
Berni Canani R (2016) Epigenetic features of FoxP3 in children
with cow’s milk allergy. Clin Epigenetics 8:86. https://doi.org/10.
1186/s13148-016-0252-z

98. Mondoulet L, Dioszeghy V, Busato F, Plaquet C, Dhelft V,
Bethune K, Leclere L, Daviaud C, Ligouis M, Sampson H,
Dupont C, Tost J (2018) Gata3 hypermethylation and Foxp3 hy-
pomethylation are associated with sustained protection and by-
stander effect following epicutaneous immunotherapy in peanut-
sensitized mice. Allergy. https://doi.org/10.1111/all.13479

99. Ryan JF, Hovde R, Glanville J, Lyu SC, Ji X, Gupta S, Tibshirani
RJ, Jay DC, Boyd SD, Chinthrajah RS, Davis MM, Galli SJ,
Maecker HT, Nadeau KC (2016) Successful immunotherapy in-
duces previously unidentified allergen-specific CD4+ T-cell sub-
sets. Proc Natl Acad Sci U S A 113(9):E1286–E1295. https://doi.
org/10.1073/pnas.1520180113

100. Wang CM, Chang CB, Chan MW, Wen ZH, Wu SF (2018) Dust
mite allergen-specific immunotherapy increases IL4 DNA meth-
ylation and induces Der p-specific Tcell tolerance in children with
allergic asthma. Cell Mol Immunol 15(11):963–972. https://doi.
org/10.1038/cmi.2017.26

101. Kwon NH, Kim JS, Lee JY, Oh MJ, Choi DC (2008) DNA meth-
ylation and the expression of IL-4 and IFN-gamma promoter
genes in patients with bronchial asthma. J Clin Immunol 28(2):
139–146. https://doi.org/10.1007/s10875-007-9148-1

Semin Immunopathol (2020) 42:43–60 59

https://doi.org/10.1371/journal.pone.0186150
https://doi.org/10.1371/journal.pone.0186150
https://doi.org/10.1111/all.14043
https://doi.org/10.1111/all.14043
https://doi.org/10.1111/cea.13447
https://doi.org/10.1183/13993003.00180-2017
https://doi.org/10.1183/13993003.00180-2017
https://doi.org/10.1016/j.jaci.2013.12.1091
https://doi.org/10.1164/rccm.201201-0027OC
https://doi.org/10.1164/rccm.201201-0027OC
https://doi.org/10.1016/j.molimm.2015.12.015
https://doi.org/10.1016/j.molimm.2015.12.015
https://doi.org/10.1111/all.13205
https://doi.org/10.1016/j.jaci.2012.01.060
https://doi.org/10.1164/rccm.201712-2529OC
https://doi.org/10.1164/rccm.201712-2529OC
https://doi.org/10.1002/ppul.24219
https://doi.org/10.1124/mol.118.112755
https://doi.org/10.1124/mol.118.112755
https://doi.org/10.1016/j.cell.2017.11.033
https://doi.org/10.1016/j.cell.2017.11.033
https://doi.org/10.1016/j.jaci.2011.12.963
https://doi.org/10.3109/08820139.2015.1085390
https://doi.org/10.3109/08820139.2015.1085390
https://doi.org/10.1038/nri2474
https://doi.org/10.4049/jimmunol.1203473
https://doi.org/10.1016/j.jaci.2013.12.1037
https://doi.org/10.1016/j.jaci.2013.12.1037
https://doi.org/10.1186/s13148-016-0252-z
https://doi.org/10.1186/s13148-016-0252-z
https://doi.org/10.1111/all.13479
https://doi.org/10.1073/pnas.1520180113
https://doi.org/10.1073/pnas.1520180113
https://doi.org/10.1038/cmi.2017.26
https://doi.org/10.1038/cmi.2017.26
http://creativecommons.org/licenses/by/4.0/


102. Busse WW (2019) Biological treatments for severe asthma: a ma-
jor advance in asthma care. Allergol Int 68(2):158–166. https://
doi.org/10.1016/j.alit.2019.01.004

103. Condreay L, Chiano M, Ortega H, Buchan N, Harris E, Bleecker
ER, Thompson PJ, Humbert M, Gibson P, Yancey S, Ghosh S
(2017) No genetic association detected with mepolizumab effica-
cy in severe asthma. Respir Med 132:178–180. https://doi.org/10.
1016/j.rmed.2017.10.019

104. Kabesch M, Schedel M, Carr D, Woitsch B, Fritzsch C, Weiland
SK, von Mutius E (2006) IL-4/IL-13 pathway genetics strongly
influence serum IgE levels and childhood asthma. J Allergy Clin
Immunol 117(2):269–274. https://doi.org/10.1016/j.jaci.2005.10.
024

105. Zhang H, Kaushal A, Merid SK, Melen E, Pershagen G, Rezwan
FI, Han L, Ewart S, Arshad SH, KarmausW, Holloway JW (2019)
DNA methylation and allergic sensitizations: a genome-scale lon-
gitudinal study during adolescence. Allergy 74(6):1166–1175.
https://doi.org/10.1111/all.13746

106. Steelant B, Wawrzyniak P, Martens K, Jonckheere AC, Pugin B,
Schrijvers R, Bullens DM, Vanoirbeek JA, Krawczyk K, Dreher
A, Akdis CA, Hellings PW (2019) Blocking histone deacetylase
activity as a novel target for epithelial barrier defects in patients
with allergic rhinitis. J Allergy Clin Immunol 144(5):1242–1253
e1247. https://doi.org/10.1016/j.jaci.2019.04.027

107. Kim TH, Jung JA, Kim GD, Jang AH, Cho JJ, Park YS, Park CS
(2010) The histone deacetylase inhibitor, trichostatin A, inhibits
the development of 2,4-dinitrofluorobenzene-induced dermatitis
in NC/Nga mice. Int Immunopharmacol 10(10):1310–1315.
https://doi.org/10.1016/j.intimp.2010.08.004

108. Brook PO, Perry MM, Adcock IM, Durham AL (2015)
Epigenome-modifying tools in asthma. Epigenomics 7(6):1017–
1032. https://doi.org/10.2217/epi.15.53

109. Royce SG, Karagiannis TC (2014) Histone deacetylases and their
inhibitors: new implications for asthma and chronic respiratory
conditions. Curr Opin Allergy Clin Immunol 14(1):44–48.
https://doi.org/10.1097/ACI.0000000000000029

110. van den Bosch T, Kwiatkowski M, Bischoff R, Dekker FJ (2017)
Targeting transcription factor lysine acetylation in inflammatory
airway diseases. Epigenomics 9(7):1013–1028. https://doi.org/10.
2217/epi-2017-0027

111. Tumes DJ, Onodera A, Suzuki A, Shinoda K, Endo Y, Iwamura C,
Hosokawa H, Koseki H, Tokoyoda K, Suzuki Y, Motohashi S,
Nakayama T (2013) The polycomb protein Ezh2 regulates differ-
entiation and plasticity of CD4(+) T helper type 1 and type 2 cells.
Immunity 39(5):819–832. https://doi.org/10.1016/j.immuni.2013.
09.012

112. Tumes D, Hirahara K, Papadopoulos M, Shinoda K, Onodera A,
Kumagai J, Yip KH, Pant H, Kokubo K, Kiuchi M, Aoki A,
Obata-Ninomiya K, Tokoyoda K, Endo Y, Kimura MY,
Nakayama T (2019) Ezh2 controls development of natural killer
T cells, which cause spontaneous asthma-like pathology. J Allergy
Clin Immunol 144(2):549–560 e510. https://doi.org/10.1016/j.
jaci.2019.02.024

113. Yu Q, Yu X, ZhaoW, ZhuM,Wang Z, Zhang J, HuangM, ZengX
(2018) Inhibition of H3K27me3 demethylases attenuates asthma
by reversing the shift in airway smooth muscle phenotype. Clin
Exp Allergy 48(11):1439–1452. https://doi.org/10.1111/cea.
13244

114. Hudon Thibeault AA, Laprise C (2019) Cell-specific DNA meth-
ylation signatures in Asthma. Genes (Basel) 10(11). https://doi.
org/10.3390/genes10110932

115. Tyler SR, Bunyavanich S (2019) Leveraging -omics for asthma
endotyping. J Allergy Clin Immunol 144(1):13–23. https://doi.
org/10.1016/j.jaci.2019.05.015

116. Alag A (2019) Machine learning approach yields epigenetic bio-
markers of food allergy: a novel 13-gene signature to diagnose
clinical reactivity. PLoS One 14(6):e0218253. https://doi.org/10.
1371/journal.pone.0218253

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

60 Semin Immunopathol (2020) 42:43–60

https://doi.org/10.1016/j.alit.2019.01.004
https://doi.org/10.1016/j.alit.2019.01.004
https://doi.org/10.1016/j.rmed.2017.10.019
https://doi.org/10.1016/j.rmed.2017.10.019
https://doi.org/10.1016/j.jaci.2005.10.024
https://doi.org/10.1016/j.jaci.2005.10.024
https://doi.org/10.1111/all.13746
https://doi.org/10.1016/j.jaci.2019.04.027
https://doi.org/10.1016/j.intimp.2010.08.004
https://doi.org/10.2217/epi.15.53
https://doi.org/10.1097/ACI.0000000000000029
https://doi.org/10.2217/epi-2017-0027
https://doi.org/10.2217/epi-2017-0027
https://doi.org/10.1016/j.immuni.2013.09.012
https://doi.org/10.1016/j.immuni.2013.09.012
https://doi.org/10.1016/j.jaci.2019.02.024
https://doi.org/10.1016/j.jaci.2019.02.024
https://doi.org/10.1111/cea.13244
https://doi.org/10.1111/cea.13244
https://doi.org/10.3390/genes10110932
https://doi.org/10.3390/genes10110932
https://doi.org/10.1016/j.jaci.2019.05.015
https://doi.org/10.1016/j.jaci.2019.05.015
https://doi.org/10.1371/journal.pone.0218253
https://doi.org/10.1371/journal.pone.0218253

	Recent findings in the genetics and epigenetics of asthma and allergy
	Abstract
	Introduction
	Current trends in asthma and allergy genetics and epigenetics
	The genetic susceptibility for more specific asthma and allergy phenotypes
	Genetic pleiotrophy for comorbidities with asthma and allergy
	Asthma and allergy genetics in non-Caucasian populations
	EWAS for asthma and allergy
	Environment and epigenetics in asthma and allergy
	Pharmacogenetics and pharmacoepigenetics of asthma and allergy
	Genetics and epigenetics play a role in the response to classical asthma therapy
	Epigenetic changes during allergen immunotherapy
	Genetics and epigenetics and the therapy with biologicals
	A potential next step: targeting epigenetic enzymes in allergic diseases

	Conclusions
	References


