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Purpose of review

Allergic diseases are prototypic examples for gene� environment-wide interactions. This review considers
the current evidence for genetic and epigenetic mechanisms in allergic diseases and highlights barriers and
facilitators for the implementation of these novel tools both for research and clinical practice.

Recent findings

The value of whole-genome sequencing studies and the use of polygenic risk score analysis in
homogeneous well characterized populations are currently being tested. Epigenetic mechanisms are known
to play a crucial role in the pathogenesis of allergic disorders, especially through mediating the effects of
the environmental factors, well recognized risk modifiers. There is emerging evidence for the immune-
modulatory role of probiotics through epigenetic changes. Direct or indirect targeting of epigenetic
mechanisms affect expression of the genes favouring the development of allergic diseases and can improve
tissue biology. The ability to specifically edit the epigenome, especially using the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/Cas9 technology, holds the promise of enhancing
understanding of how epigenetic modifications function and enabling manipulation of cell phenotype for
research or therapeutic purposes.

Summary

Additional research in the role of genetic and epigenetic mechanisms in relation to allergic diseases’
endotypes is needed. An international project characterizing the human epigenome in relation to allergic
diseases is warranted.
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INTRODUCTION

Successful management of patients with allergic
diseases continues to be a major unmet need. One
of the barriers is their heterogeneity conferred by an
intricate network of risk factors, visible properties
(phenotypes) and outcomes depending on different
mechanisms (endotypes), driven by innate and
adaptive immune responses and continuously
modulated by the micro-environment and macro-
environment [1]. The strong familial clustering has
encouraged research into the genetic predisposition
and recent decades have witnessed an explosion of
gene variants associated with disease risk. Allergic
diseases are polygenic, multifactorial disorders,
where the combined action of several genes inter-
acting with one another and with environmental
factors drives disease patho-mechanisms [2,3

&

]. It
has become clear that understanding epigenetics
and epigenomics is essential for a better prediction
of allergy risk and its natural history. Despite the
potentially huge role that epigenetics may play in
rs Kluwer Health, Inc. All rights rese

Kluwer Health, Inc. Una
allergic diseases, research in this area lags behind
compared with that devoted to genetics research [3

&

].
THE CURRENT LANDSCAPE OF THE
GENETICS AND EPIGENETICS RESEARCH
IN ALLERGY

The evaluation of the genetic risk in complex dis-
eases such as asthma, allergic rhinitis (AR), chronic
rhinosinusitis (CRS), atopic dermatitis (AD), food
allergy (FA) or eosinophilic esophagitis (EE) is not
straightforward. The genetic basis has been exten-
sively investigated in the past decades using linkage
rved. www.co-allergy.com
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KEY POINTS

� Despite its success, discoveries from genome-wide
association studies to date have contributed relatively
little to understanding specific causal genetic
mechanisms underlying allergic diseases.

� Epigenetic marks are emerging as mediators of
genetics and the environment impact driving complex
disease phenotypes, such as allergic diseases
and asthma.

� Identification of key epigenetic marks and their impact
on transcription of specific genes will lead to a better
understanding of cause, heterogeneity and severity of
allergic diseases, and will also facilitate-targeted
interventions, both for prevention and for treatment.

� Epigenetic and transcriptomic profiling may yield the
most accurate risk estimates for a given patient by
incorporating environmental, including treatment,
effects throughout the lifespan.

� To further support the gene-environment-wide
interaction studies an international project
characterizing the human epigenome in relation to
allergic diseases and asthma is warranted.

Personalized medicine

Cop
analysis and candidate-gene association studies.
Following the development of genetic tools
genome-wide association studies (GWAS) have
become ‘the norm’ (Table 1), however, the trade-
off between larger sample sizes to increase power
and focus on specific subtypes (severe or childhood-
onset asthma or highly specific food allergies) to
decrease clinical heterogeneity is not yet settled
[3

&

,4,5,6
&

,7–10].
The epigenome has an instrumental role in deter-

mining cell identity and function, while its dysregu-
lation leads to aberrant gene expression and disease.
Epigenetic dysregulation can induce both short-term
and long-term changes, starting in utero, varying
throughout the life span, and in some instances
inherited. The analysis of epigenetic modifications
has attracted substantial interest as related to envi-
ronmental risk or protective factors heavily impact-
ing the natural history of allergic diseases. Most of the
research on DNA methylation (DNAm) evaluated
whole blood or peripheral blood mononuclear cells
(PBMCs). Alterations in DNAm seen in whole
blood can be reproduced with purified eosinophils
with a larger magnitude of effect, with an ‘eosino-
philic signature’ characteristic for allergic diseases
[11,12

&

,13]. For airway epithelial cells (AEC) there
is only a small overlap with whole blood [11,14].
An AEC cell-specific signature was recently described
[14]. Several other cell-specific monocytes, B lympho-
cytes, airway smooth muscle cells (ASM) DNAm
2 www.co-allergy.com
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studies were performed [15,16]. Cell-specific DNAm
studies facilitate the evaluation of proxies, such as
whole blood, buccal or nasal samples [17

&

].
The microbiome assembles during the first year

of life and critically shapes the microbiome and the
healthy immune responses and metabolic processes
later in life. The microbiome and related metabolites
are capable of epigenetic modulation. Interactions
between the host epigenome and the microbiome
(the hologenome) are increasingly recognized. For
inflammatory bowel diseases an epigenetic profile
primed by commensal microbes was recently
described and correlated with disease severity [18].
Both obesity or asthma induce changes in the com-
position of the microbiota, with an additive effect in
obese asthma [19

&

].
GENETIC AND EPIGENETIC RISK FACTORS

The clinical utility of polygenic risk score analysis
(PRS) was not validated across ethnic/racial groups
[20]. Distinct patterns of genetic associations with
disease phenotypes were recently shown, suggesting
heterogeneous mechanisms underlying individual
disease trajectories [21]. Whole-genome sequencing
studies in well characterized populations such as
childhood-onset asthma or asthma with co-morbid-
ities are currently set-up. The evaluation of the PRS
in association with asthma characteristics showed
for patients with childhood-onset asthma and
high genetic risk a higher likelihood to develop
life-course-persistent asthma [22]. In addition, PRS
may be of value when evaluating the shared genetic
predisposition for allergic diseases. Robust and sig-
nificantly higher PRSs of asthma were observed in
children suffering from cow’s milk allergic [23].

Epigenetic marks, especially DNAm and micro-
RNAs (miRNAs)], have the potential for assessing the
risk of development of atopic sensitization or allergic
disease. Over the past years epigenome-wide associa-
tion studies (EWAS) have added to the growing
body of evidence supporting significant associations
of epigenetic regulation of gene expression and
allergy risk.

The cross-sectional association between the
epigenome-wide DNAm in peripheral blood and
allergicdiseaseswas investigated intwobirthcohorts.
Different epigenetic risk profiles for mid-childhood
atopic sensitization, inhalant and food allergen sen-
sitization were described [24]. Placental histone acet-
ylation at the promoter regions of allergy-related
immune regulatory genes was described as a risk
factor for sensitization to food or inhaled allergens
[25]. Histone-acetyltransferase (HAT) activities are
required in gene transcription of a large number of
immune molecules. HAT Tat-interactive protein 60
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C

(Tip60) is required for the expression of IgE and IgG1
in B cells by inducing chromatin remodelling, while
blocking Tip60 significantly attenuated the allergic
inflammation [26].

Most human studies of the epigenomics of
asthma have focused on cytosine and guanine sepa-
rated by only one phosphate group (CpG) DNAm in
whole blood, PBMCs, AECs or in the nasal epithelium
[11,12

&

,14,27,28,29
&

,30]. DNAm frequently reported
are related to epithelial barrier or to immune regula-
tory processes. Characteristic alterations in DNAm
were associated with inflammatory phenotypes of
asthma and may contribute to the disease mecha-
nisms [31]. Showing robustness of results across
populations from different racial/ethnic back-
grounds exposed to diverse environments the nasal
respiratoryepithelium methylome is a good proxy for
asthma risk [29

&

]. A recent paediatric EWAS evaluat-
ing DNAm patterns in nasal swabs found multiple
differentially methylated regions (DMRs) for allergic
asthma, exhaled nitric oxide (FeNO) total and spe-
cific IgE, and bronchodilator response. The identified
DMRs were related to genes implicated in allergic
asthma, Th2 activation and eosinophilia. Asthma,
IgE and FeNO were associated with nasal epigenetic
age acceleration [17

&

]. Emerging data involve miRNA
inasthmaasdrivers of lung macrophagepolarization,
of epigenetic dysregulation during asthma exacerba-
tions leading to lung function impairment, airway
inflammation and T-cell cytokine expression or facil-
itating viral-induced exacerbations [32–34]. Several
exposures have been linked to the observed epige-
netic changes in asthma such as environmental
tobacco smoke, other pollutants, diet, viral infec-
tions, the lung/gut/nasal microbiome and the type
2 cytokines IL-4 and IL-13 impacting epithelial bar-
rier integrity [35–38,39,40]. These exposures mainly
act into the ‘critical window of risk’ for the immune
system and the resident cells, during the foetal devel-
opment and in the first year after birth. The respira-
tory syncytial virus (RSV), an omnipresent virus that
infects nearly all children by age 2 years and the most
common cause of hospitalization in children under
2 years of age, causing severe lower respiratory tract
infection, bronchiolitis and pneumonia is associated
with an increased risk of developing childhood
asthma and recurrent wheezing [42]. In severe RSV
infections inefficient innate immune and excessive
type 2 and T17 responses are described [41,43–46].
Children hospitalized with severe RSV-induced bron-
chiolitis as infants had decreased methylation of the
perforin-1 enhancer, indicating a defect in natural
killer (NK) cells antiviral intervention [47]. Allergic
mice infected with RSV develop steroid-insensitive
inflammation driven by the upregulation of miRNA
inhibiting steroid responsiveness [48]. RSV infection
1528-4050 Copyright � 2020 Wolters Kluwer Health, Inc. All rights rese
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of dendritic cells leads to alterations in histone
methylation with decreased proinflammatory
cytokine production and subsequent increase of
type 2 cytokines [49]. Transcriptome analysis of
constitutive gene expression in AECs revealed restric-
tive and permissive patterns of cell response to RSV
infection [50].

For atopic dermatitis striking DMRs were
observed between lesional and healthy control skin,
partly correlated with altered transcription of genes
relevant for epidermal differentiation and innate
immune response [51]. A CpG in IL-4 associated with
total IgE was recently convincingly replicated, sup-
porting a role for epigenetic IL-4/IL-13-induced type
2-immune mediating mechanisms in AD [52]. Hypo-
methylation of thymic stromal lymphopoietin and
of the high-affinity receptor for IgE were reported
together with significantly over-expressed miR-155,
targeting the immune suppressor CTLA-4 [53–55].

Single-cell RNA sequencing in CRS showed dis-
tinct transcriptomes for respiratory epithelial,
immune and stromal cell types and type 2 inflam-
matory subsets. Cell-intrinsic, epigenetic and
extrinsic factors lock polyp basal cells into an
uncommitted state. Ex-vivo cultured basal cells
retain intrinsic memory of IL-4/IL-13 exposure, with
a potential of blockade of the IL-4 receptor a-subunit
(e.g. dupilumab) to modify basal and secretory cell
states [56]. Decreased DNAm of the IL8 proximal
promoter might play a role in the pathogenesis of
CRS with nasal polyps [57].

The interplay of gene (CAPN14 and LOC283710/
KLF13) and early-life environment factors contrib-
ute to eosinophilic esophagitis susceptibility
through epigenetic mechanisms [58,59].

The methylation process may serve as an anchor
upon which gene expression modulates disease
severity. DNAm linked to low lung function were
identified both in smokers and in nonsmokers
[59,60]. DNAm modules in ASM involved in con-
traction (calcium signalling pathway), proliferation
(cancer-related pathways), the endocytosis pathway
and the endocannabinoid signalling were associated
with asthma severity. DNAm also impacted the
expression of miRNA further influencing ASM func-
tion [16]. Following allergen provocation of allergic
rhinitis patients in the exposure chamber DNAm
significantly correlated with the occurrence symp-
toms, while baseline DNAm pattern was predictive
of symptom severity. Changes in mucine 4 DNAm
correlated with the drop in peak nasal inspiratory
flow [61]. A recent transcriptomic and epigenomic
study of peanut allergic children following double-
blind, placebo-controlled peanut challenges identi-
fied differential DNAm associated with reaction
severity. The ‘peanut severity genes’ were related
rved. www.co-allergy.com 5
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to neutrophil-mediated immunity, chemotaxis and
regulation of macroautophagy [62].
BIOMARKERS FOR EARLY INTERVENTION

Although still in the early phase, epigenetic markers,
particularly DNAm and miRNAs, might have poten-
tial for stratification of patients for treatment and
complement or replace in the future biochemical or
clinical tests.

A large-scale EWAS within the Mechanisms of
the Development of ALLergy project showed that
reduced whole-blood DNAm at 14 CpG sites
acquired after birth is strongly associated with child-
hood asthma [11]. These CpG sites and their associ-
ated transcriptional profiles indicate activation of
eosinophils and cytotoxic T cells. Lung function-
associated methylation signals in adults are possibly
of clinical utility in identifying poor lung function
and accelerated decline [59]. Epigenetic regulation
of human b-defensin-1 (HBD-1) might be associated
with a variety of defects in the innate immune
system during atopic dermatitis pathogenesis. Sig-
nificantly higher methylation frequencies at the
CpG 3 and 4 sites were demonstrated in atopic
dermatitis lesional skin compared with nonlesional
and normal skin. Thus, DNAm signature of HBD-1
could become a novel diagnostic/prognostic marker
and a promising therapeutic target for the compro-
mised atopic dermatitis barrier attributed to HBD-1
deficiency [63].

DNAm can be a predictor of responses in con-
trolled allergen challenges [61,64]. Epigenetic bio-
markers correlating with successful outcome of
allergen immunotherapy (AIT) have been reported.
DNAm of promoter regions such as Forkhead box
protein 3 (Foxp3) are associated with clinical reac-
tivity and can be changed following AIT [64,65]. The
epigenetic regulator enhancer of zeste homolog 2
was shown to be a critical factor in the activation of
dendritic cells following AIT [66]. IL13 promoted
thrombospondin-1 gene methylation in B cells can
be reduced following oral immunotherapy [67,68].
Table 2. The advantages of epigenome editing and transcription

Targeted epigenetic-oriented therapy can be used without the need to ge
damage the potential creation of unwanted mutations within the target

Allergic diseases and asthma are polygenic in origin and associated with
therapeutic efficacy by simultaneous modulation of multiple genes

Sustained transcriptional activation of endogenous cell master transcriptio
overexpression of reprogramming factors via genetic editing, in additio
reprogramming

Stable or reversible manipulation of epigenetic states, depending on the

Long-term expression of chromatin modifiers or transcriptional regulators
the host genome
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POTENTIAL FUTURE TOOLS

GWAS evaluating racial/ethnic groups that carry the
greatest burden of allergic disease remain signifi-
cantly underrepresented [69]. A separation between
disease susceptibility, natural evolution and severity
and response to treatment together with novel tools
such as reverse phenotyping using genetic markers
to define endotypes and integration of multiomics
measures can largly improve the outcome of genetic
and epigenetic studies [70]. A computational
machine learning approach using DNAm data was
recently tested for food allergy [71]. Functional and
causal gene variants may link genetic risk to disease
phenotype and endotype. The study of rare coding
variants might also prove useful, as already demon-
strated for atopic dermatitis [72].

The epigenome provides an interesting target for
therapeutic intervention. Compared with genome
editing, epigenome editing and transcriptional
modulation offer several advantages in biomedical
research and development of precision medicine for
allergic diseases (Table 2).

Three molecular platforms for epigenetic editing
have been developed: zinc finger proteins, transcrip-
tion activator-like effectors, and the system of
Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR-associated (Cas)
proteins [73]. These platforms serve as DNA-binding
domains fused with epigenetic modifying domains.
The addition and/or removal of epigenetic modifica-
tions reconfigures local chromatin structure, with
the potential of long-lasting changes in gene tran-
scription. CRISPR/Cas9-based RNA-guided DNA
endonuclease technology using the nuclease-dead
Cas9 (dCas9) that allows binding of Cas9 to target
DNA without inducing cleavage has become the
preferred platform for epigenome editing [74–76].
Using this technology stable and heritable alteration
of epigenetic marks and gene expression can be
achieved in vivo in postmitotic tissues without the
need to modify the DNA sequence. Recent advances
in adeno-associated virus delivery of CRISPR fusion
proteins together with RNA targeting strategies
al modulation

netically modify the mutated DNA sequence or inducing DNA
locus and off-target effects is minimized

epigenome dysregulation. Epigenetic therapy can provide a better

n factor with a more natural cell lineage conversion than forced
n providing insights into the molecular mechanism of cellular

types of catalytic domain or inducible strategy used

in postmitotic tissues without the need to integrate the transgenes into
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Table 3. Interventions on the microbiome for allergic diseases and asthma: the effects of probiotics

Study Key findings Reference

Randomized double-blind placebo-
controlled trial, Lactobacillus (L.) casei
and Bifidobacterium (B.) lactis added
to hypoallergenic formula for 12
months

Did not modulate the rate of immune
tolerance acquisition to cow’s milk
proteins in infants with CMA

Hol et al. Allergy Clin Immunol. 2008
121:1448–54

EHCF versus EHCF containing LGG 12
months

The double-blind placebo-controlled food
challenge was negative 53.6%
controls and in 81.5% of the LGG
group

Berni Canani et al. J Allergy Clin
Immunol. 2012; 129:580–2

Children with IgE-mediated CMA
randomly allocated to the EHCF or
EHCFþ LGG groups and followed for
3 years for the occurrence of AD,
urticaria, asthma, or
rhinoconjunctivitis. The secondary
outcome was tolerance acquisition
through double-blind food challenge
results at 12, 24, and 36 months

The absolute risk difference for the
occurrence of at least one allergic
disease over 3 years was �0.23 (95%
CI, �0.36 to �0.10; P<0.001), The
absolute risk difference for the
acquisition of cow’s milk tolerance
was 0.20 (95% CI, 0.05–0.35;
P<0.01) at 12 months, 0.24 (95%
CI, 0.08–0.41; P<0.01) at 24
months, and 0.27 (95% CI, 0.11–
0.43; P<0.001) at 36 months

Berni Canani et al. Allergy Clin Immunol
2017; 139(6):1906–1913

Children with eczema and/or CMA who
received EHCF and LGG

Decreased skin inflammation and
gastrointestinal symptoms

Baldassare et al. J Pediatr. 2010;
156:397–401

Two-centre randomized placebo-
controlled trial of LGG or B. lactis
taken daily from 35-week gestation to
6 months’ postpartum in mothers while
breastfeeding

LGG significantly protected against
eczema development at 2, 4, 6, and
11 years and atopic sensitization at 6
years. No effect of B. lactis

Wickens et al. Pediatr Allergy Immunol.
2018; 29(8):808–814

Double-blind, placebo-controlled
intervention trial, children randomized
to daily mixture of LGG and B.
animalis subsp lactis or placebo-
starting prior to attending day care.
Intervention period 6 months

Significantly lower incidence of eczema
in the probiotic group compared with
the placebo group

Schmidt et al. Pediatr Allergy Immunol.
2019;30(3):335–340

Randomized double-blind placebo-
controlled trial in 62 children with
peanut allergy treated with fixed dose
of probiotic together with peanut OIT
(PPOIT) or placebo once daily for 18
months

No OIT control group included to
distinguish the probiotic itself had any
effect on SU

SU determined by double blind placebo-
controlled food challenge was
achieved in 82.1% of children
receiving PPOIT compared with 3.6%
of those receiving placebo. PPOIT also
induced high rates of resolution (90%)
and was associated with reduced skin
prick test reactivity, decreased peanut-
specific IgE and increased peanut-
specific IgG4 levels. No participants
withdraw because of adverse reactions

Tang et al. Administration of a probiotic
with peanut oral immunotherapy: a
randomized trial. J Allergy Clin
Immunol. 2015; 135:737–44

100 AR children, ages 5–12 years,
sensitive to grass pollen receiving 5-
grass SLIT tablets with either vitamin D
1000 IU daily supplementation,
probiotic, or placebo

The control group included children with
allergy who did not qualify for
immunotherapy

Primary end points included a symptom-
medication score, lung function, and
FeNO

The secondary end point was the
immunologic efficacy

In the SLIT-probiotic group between-
group analysis showed significantly
higher CD4(þ)CD25(þ)Foxp3(þ)
induction compared with the SLIT
group and higher reduction in the
percentage of TLR-positive cell group
compared with the SLIT-vitamin D
group

Jerzynska et al. Allergy Asthma Proc.
2016;37(4):324–34

Meta-analysis investigating the
effectiveness of probiotic
supplementation in pregnant women

No significant differences between
probiotic and placebo for the
incidence of allergic disease, asthma
or atopic sensitization

Kuang; Br J Nutr. 2019:1–31
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Table 3 (Continued )

Study Key findings Reference

Meta-analysis of 17 randomized
controlled trials, 5264 children

Only LGG supplementation had a
reduction in the occurrence of asthma

No effect on wheeze, AR, atopic status
(positive skin prick test)

Du et al. Allergy Asthma Proc.
2019;40(4):250–260

Meta-analysis of 19 randomized trials,
5157 children

Subgroup analysis by asthma risk
showed that probiotics significantly
reduced wheeze incidence among
infants with atopy disease

No effect on the overall risk of asthma

Wei et al. J Asthma. 2019;1–12

AD, atopic dermatitis; AR, allergic rhinitis; CI, confidence interval; CMA, cow’s milk allergic; EHCF, Extensively hydrolysed casein formula; FeNO, exhaled nitric
oxide; LGG, Lactobacillus rhamnosus GG; PPOIT, peanut OIT; SU, sustained unresponsiveness; SLIT, sublingual immunotherapy; TLR, Toll-like receptor.
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Cop
greatly facilitate the in-vivo application of this tool
[77,78]. Various catalyticdomains of epigenetic effec-
tors can be fused to dCas9 for studying the effects of a
particular epigenetic regulation and gene-environ-
ment interaction. Epigenetic editing was tested for
reducing mucus production in AECs, using both
zinc finger proteins and CRISPR/dCas platforms.
All constructs effectively suppressed SAM pointed
domain-containing Ets transcription factor (SPDEF)
mRNA and protein expression, with inhibition of
downstream mucus-related genes. The obtained
silencing was mitotically stable inducing long-lasting
mucus inhibition [79].

The increased knowledge of the crucial role
played by nutrients and gut microbiota-derived
metabolites is opening the way to a postbiotic
approach in the stimulation of immune tolerance
through epigenetic regulation. In a mouse model of
food allergy histone acetylation of Th2 genes was
lower after exposure to raw milk compared with
processed milk [80]. Children with the highest levels
of short-chain fatty acids (SCFAs) in faeces at the age
of 1 year had significantly less atopic sensitization,
asthma, food allergy or allergic rhinitis [81]. The
SCFAs secreted by the gut healthy microbiome influ-
ence epigenetically, mainly through HDAC inhibi-
tion, several nonimmune (tight junction proteins,
mucus production) and immune cells involved in
the immune tolerance network [82]. Butyrate and
propionate decrease DNAm of IL-10 and IFN-g
genes, induces FoxP3 demethylation and down-
regulation of HDAC6/HDAC9 expression [83,84].
In-vitro SCFAs were able to attenuate human eosin-
ophils’ adhesion to the endothelium, migration and
survival. These effects were accompanied by histone
acetylation and mimicked by a pan-histone deace-
tylase inhibitor. In-vivo butyrate ameliorated
allergen-induced airway eosinophilia, reduced type
2 cytokines in bronchial fluid, and improved airway
hyperresponsiveness [85

&

]. On the contrary, most
data on intervention with probiotics and prebiotics
8 www.co-allergy.com
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come from in-vitro results or animal models. There
seems to be a clinical benefit for food allergy
and atopic dermatitis while for asthma and allergic
rhinitis the evidence is less convincing (Table 3).

Selection of responders to probiotics is of utmost
importance in the advent of personalized medicine.
Unsupervised hierarchical clustering of systemic
and nasal immune gene expression at baseline
and after supplementation separated responders
from nonresponders to probiotics in allergic rhini-
tis, with key T-cell immune genes differentially
expressed [86].

From all these potential future tools in our view
the quest for functional and causal gene variants
linking genetic risk to disease endotype using math-
ematical models and the fast development of the
epigenetic editing tools will significantly enrich the
knowledge in the field of genetics and epigenetics of
allergic diseases in quite a short period of time.
CONCLUSION

The ultimate goal of understanding the genetic
and epigenetic mechanisms in allergic disease is
to better match individualized interventions (both
prevention and treatment) to specific endotypes to
improve outcomes and minimize side effects. On
the contrary, in the GWAS and EWAS era, a positive
family history still remains a reliable tool for esti-
mating the risk of allergic disease. There are high
hopes from the targeted evaluation of well defined
disease phenotypes, reverse phenotyping and the
use artificial intelligence to build unbiased data-
driven models.
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33. Wardzyńska A, Pawełczyk M, Rywaniak J, et al. Circulating microRNAs and T-
cell cytokine expression are associated with the characteristics of asthma
exacerbation. Allergy Asthma Immunol Res 2020; 12:125–136.

34. Taka S, Tzani-Tzanopoulou P, Wanstall H, Papadopoulos NG. MicroRNAs in
asthma and respiratory infections: identifying common pathways. Allergy
Asthma Immunol Res 2020; 12:4–23.

35. Gao L, Liu X, Millstein J, et al. Self-reported prenatal tobacco smoke exposure,
AXL gene-body methylation, and childhood asthma phenotypes. Clin Epige-
netics 2018; 10:98.

36. Jung KH, Lovinsky-Desir S, Yan B, et al. Effect of personal exposure to black
carbon on changes in allergic asthma gene methylation measured 5 days later
in urban children: importance of allergic sensitization. Clin Epigenet 2017;
9:61.

37. Fry RC, Rager JE, Bauer R, et al. Air toxics and epigenetic effects: ozone
altered microRNAs in the sputum of human subjects. Am J Physiol Lung Cell
Mol Physiol 2014; 306:L1129–37.

38. Eyring KR, Pedersen BS, Maclean KN, et al. Methylene-tetrahydrofolate
reductase contributes to allergic airway disease. PLoS One 2018;
13:e0190916.

39. Acevedo N, Frumento P, Harb H, et al. Histone acetylation of immune
regulatory genes in human placenta in association with maternal intake of
olive oil and fish consumption. Int J Mol Sci 2019; 20:E1060.

40. Wawrzyniak P, Wawrzyniak M, Wanke K, et al. Regulation of bronchial
epithelial barrier integrity by type 2 cytokines and histone deacetylases in
asthmatic patients. J Allergy Clin Immunol 2017; 139:93–103.

41. Hall CB, Weinberg GA, Iwane MK, et al. The burden of respiratory syncytial
virus infection in young children. N Engl J Med 2009; 360:588–598.

42. Henderson J, Hilliard TN, Sherriff A, et al. Hospitalization for RSV bronchiolitis
before 12 months of age and subsequent asthma, atopy and wheeze: a
longitudinal birth cohort study. Pediatr Allergy Immunol 2005; 16:386–392.

43. Drajac C, Laubreton D, Riffault S, Descamps D. Pulmonary susceptibility of
neonates to respiratory syncytial virus infection: a problem of innate immunity?
J Immunol Res 2017; 2017:8734504.

44. Vu LD, Siefker D, Jones TL, et al. Elevated levels of type 2 respiratory innate
lymphoid cells in human infants with severe respiratory syncytial virus bronch-
iolitis. Am J Respir Crit Care Med 2019; 200:1414–1423.

45. Mukherjee S, Lindell DM, Berlin AA, et al. IL-17-induced pulmonary patho-
genesis during respiratory viral infection and exacerbation of allergic disease.
Am J Pathol 2011; 179:248–258.

46. Turi KN, Shankar J, Anderson LJ, et al. Infant viral respiratory infection nasal
immune-response patterns and their association with subsequent childhood
recurrent wheeze. Am J Respir Crit Care Med 2018; 198:1064–1073.

47. Elgizouli M, Logan C, Grychtol R, et al. Reduced PRF1 enhancer methylation
in children with a history of severe RSV bronchiolitis in infancy: an association
study. BMC Pediatr 2017; 17:65.

48. Kim RY, Horvat JC, Pinkerton JW, et al. MicroRNA-21 drives severe, steroid-
insensitive experimental asthma by amplifying phosphoinositide 3-kinase-
mediated suppression of histone deacetylase 2. J Allergy Clin Immunol
2017; 139:519–532.

49. Ptaschinski C, Mukherjee S, Moore ML, et al. RSV-induced H3K4 demethy-
lase KDM5B leads to regulation of dendritic cell-derived innate cytokines and
exacerbates pathogenesis in vivo. PLoS Pathog 2015; 11:e1004978.
rved. www.co-allergy.com 9

uthorized reproduction of this article is prohibited.



CE: Swati; ACI/200309; Total nos of Pages: 10;

ACI 200309

Personalized medicine

Cop
50. Hillyer P, Shepard R, Uehling M, et al. Differential responses by human
respiratory epithelial cell lines to respiratory syncytial virus reflect distinct
patterns of infection control. J Virol 2018; 92:e02202–e2217.

51. Rodrı́guez E, Baurecht H, Wahn AF, et al. An integrated epigenetic and
transcriptomic analysis reveals distinct tissue-specific patterns of DNA methyla-
tionassociated with atopic dermatitis. J InvestDermatol 2014; 134:1873–1883.

52. Boorgula MP, Taub MA, Rafaels N, et al. Replicated methylation changes
associated with eczema herpeticum and allergic response. Clin Epigenetics
2019; 11:122.

53. Luo Y, Zhou B, Zhao M, et al. Promoter demethylation contributes to TSLP
overexpression in skin lesions of patients with atopic dermatitis. Clin Exp
Dermatol 2014; 39:48–53.

54. Liang Y, Wang P, Zhao M, et al. Demethylation of the FCER1G promoter
leads to FcepsilonRI overexpression on monocytes of patients with atopic
dermatitis. Allergy 2012; 67:424–430.

55. Sonkoly E, Janson P, Majuri ML, et al. MiR-155 is overexpressed in patients
with atopic dermatitis and modulates T-cell proliferative responses by target-
ing cytotoxic T lymphocyte-associated antigen 4. J Allergy Clin Immunol 2010;
126:581–589.

56. Ordovas-Montanes J, Dwyer DF, Nyquist SK, et al. Allergic inflammatory
memory in human respiratory epithelial progenitor cells. Nature 2018;
560:649–654.

57. Li J, Jiao J, Wang M, et al. Hypomethylation of the IL8 promoter in nasal
epithelial cells of patients with chronic rhinosinusitis with nasal polyps. J
Allergy Clin Immunol 2019; 144:993–1003.

58. Jensen ET, Kuhl JT, Martin LJ, et al. Early-life environmental exposures interact
with genetic susceptibility variants in pediatric patients with eosinophilic
esophagitis. J Allergy Clin Immunol 2018; 141:632–637.

59. Imboden M, Wielscher M, Rezwan FI, et al. Epigenome-wide association
study of lung function level and its change. Eur Respir J 2019; 54:1900457.

60. de Vries M, Nedeljkovic I, van der Plaat DA, et al. DNA methylation is
associated with lung function in never smokers. Respir Res 2019; 20:268.

61. North ML, Jones MJ, MacIsaac JL, et al. Blood and nasal epigenetics correlate
with allergic rhinitis symptom development in the environmental exposure unit.
Allergy 2018; 73:196–205.

62. Do AN, Watson CT, Cohain AT, et al. Dual transcriptomic and epigenomic
study of reaction severity in peanut allergic children. J Allergy Clin Immunol
2019; pii: S0091-6749(19)31677-X.

63. Noh YH, Lee J, Seo SJ, Myung SC. Promoter DNA methylation contributes to
human b-defensin-1 deficiency in atopic dermatitis. Anim Cells Syst 2018;
22:172–177.

64. Swamy RS, Reshamwala N, Hunter T, et al. Epigenetic modifications and
improved regulatory T-cell function in subjects undergoing dual sublingual
immunotherapy. J Allergy Clin Immunol 2012; 130:215–224.e7.

65. Syed A, Garcia MA, Lyu SC, et al. Peanut oral immunotherapy results in
increased antigen-induced regulatory T-cell function and hypomethylation of
forkhead box protein 3 (FOXP3). J Allergy Clin Immunol 2014; 133:500–510.

66. Li H, Wen Y, Wu S, et al. Epigenetic modification of enhancer of zeste
homolog 2 modulates the activation of dendritic cells in allergen immunother-
apy. Int Arch Allergy Immunol 2019; 180:120–127.

67. Yang G, Geng XR, Liu ZQ, et al. Thrombospondin-1 (TSP1)-producing B cells
restore antigen (Ag)-specific immune tolerance in an allergic environment. J
Biol Chem 2015; 290:12858–12867.
10 www.co-allergy.com

yright © 2020 Wolters Kluwer Health, Inc. Unauth
68. Zhang HP, Wu Y, Liu J, et al. TSP1-producing B cells show immune regulatory
property and suppress allergy-related mucosal inflammation. Sci Rep 2013;
3:3345.

69. Mills MC, Rahal C. A scientometric review of genome-wide association
studies. Commun Biol 2019; 2:9.

70. Dahl A, Cai N, Ko A, et al. Reverse GWAS: using genetics to identify and
model phenotypic subtypes. PLoS Genet 2019; 15:e1008009.

71. Alag A. Machine learning approach yields epigenetic biomarkers of food
allergy: A novel 13-gene signature to diagnose clinical reactivity. PLoS One
2019; 14:e0218253.

72. Mucha S, Baurecht H, Novak N, et al. Protein-coding variants contribute to the
risk of atopic dermatitis and skin-specific gene expression. J Allergy Clin
Immunol 2019. [Epub ahead of print]

73. Waryah CB, Moses C, Arooj M, Blancafort P. Zinc Fingers, TALEs, and
CRISPR systems: a comparison of tools for epigenome editing. Methods Mol
Biol 2018; 1767:19–63.

74. Pulecio J, Verma N, Mejı́a-Ramı́rez E, et al. CRISPR/Cas9-based engineering
of the epigenome. Cell Stem Cell 2017; 21:431–447.

75. Thakore PI, Black JB, Hilton IB, Gersbach CA. Editing the epigenome:
technologies for programmable transcription and epigenetic modulation.
Nat Methods 2016; 13:127–137.

76. Chavez A, Scheiman J, Vora S, et al. Highly efficient Cas9-mediated tran-
scriptional programming. Nat Methods 2015; 12:326–328.

77. Amabile A, Migliara A, Capasso P, et al. Inheritable silencing of endogenous
genes by hit-and-run targeted epigenetic editing. Cell 2016; 167:219–232.

78. Zhou H, Liu J, Zhou C, et al. In vivo simultaneous transcriptional activation of
multiple genes in the brain using CRISPR-dCas9-activator transgenic mice.
Nat Neurosci 2018; 21:440–446.

79. Song J, Cano-Rodriquez D, Winkle M, et al. Targeted epigenetic editing of
SPDEF reduces mucus production in lung epithelial cells. Am J Physiol Lung
Cell Mol Physiol 2017; 312:L334–L347.

80. Abbring S, Wolf J, Ayechu-Muruzabal V, et al. Raw cow’s milk reduces allergic
symptoms in a murine model for food allergy-a potential role for epigenetic
modifications. Nutrients 2019; 11:E1721.

81. Roduit C, Frei R, Ferstl R, et al., PASTURE/EFRAIM Study Group. High levels
of butyrate and propionate in early life are associated with protection against
atopy. Allergy 2019; 74:799–809.

82. Smith PM, Howitt MR, Panikov N, et al. The microbial metabolites, short chain
fatty acids, regulate colonic Treg cell homeostasis. Science 2013;
341:569–573.

83. Kasubuchi M, Hasegawa S, Hiramatsu T, et al. Dietary gut microbial meta-
bolites, short-chain fatty acids, and host metabolic regulation. Nutrients 2015;
7:2839–2849.

84. Bhat MI, Kapila R. Dietary metabolites derived from gut microbiota: critical
modulators of epigenetic changes in mammals. Nutr Rev 2017; 75:374–389.

85.
&

Theiler A, Bärnthaler T, Platzer W, et al. Butyrate ameliorates allergic airway
inflammation by limiting eosinophil trafficking and survival. J Allergy Clin
Immunol 2019; 144:764–776.

Elegant demonstration of in vitro and in vivo butyrate efficacy as a promising
therapeutic agent in allergic inflammatory diseases.
86. West NP, Watts AM, Smith PK, et al. Digital immune gene expression profiling

discriminates allergic rhinitis responders from non-responders to probiotic
supplementation. Genes 2019; 10:E889.
Volume 20 � Number 00 � Month 2020

orized reproduction of this article is prohibited.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create Adobe PDF documents for Quad Graphics' Midland MI Facility.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 12
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


