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Abstract: Atopic dermatitis is a heterogeneous disease, in which the pathogenesis is associated with
mutations in genes encoding epidermal structural proteins, barrier enzymes, and their inhibitors;
the role of genes regulating innate and adaptive immune responses and environmental factors
inducing the disease is also noted. Recent studies point to the key role of epigenetic changes in the
development of the disease. Epigenetic modifications are mainly mediated by DNA methylation,
histone acetylation, and the action of specific non-coding RNAs. It has been documented that the
profile of epigenetic changes in patients with atopic dermatitis (AD) differs from that observed
in healthy people. This applies to the genes affecting the regulation of immune response and
inflammatory processes, e.g., both affecting Th1 bias and promoting Th2 responses and the genes of
innate immunity, as well as those encoding the structural proteins of the epidermis. Understanding of
the epigenetic alterations is therefore pivotal to both create new molecular classifications of atopic
dermatitis and to enable the development of personalized treatment strategies.
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1. Introduction

Atopic dermatitis (AD) is one of the most common skin diseases affecting about 10-25% of children
in industrialized countries and 7-10% of adults [1,2].

While the disease often begins early in infancy (50% within the first 6 months), the majority of cases
resolve spontaneously; nevertheless, the disease may persist into adulthood and can be debilitating.
Moreover, there is also a growing number of patients with late or very late AD onset. The vast majority
of the patients (80%) have elevated levels of total IgE in serum and sensitization to multiple antigens,
including environmental allergens and skin-colonizing microbes [3]. However, the study of published
data by Flohr et al. indicates that the frequency of atopy vary from 47% to 75%. This depends on the
age of diagnosis, study size studies and hospital patients examinations [4].

Dried skin, excess water loss, and the permeable and dysfunctional epidermal barrier result
as the main symptoms of patients diagnosed with AD [5-16]. The skin of the majority of AD
patients is predominantly colonized by Staphylococcus aureus, which contributes to the pathology [17].
The etiology of AD is multifactorial and involves gene—gene and gene—environment interactions
(Figure 1) [7,8,11-16]. The general view is that AD development relies on the Th2 lymphocyte-driven
inflammatory responses. However, the T cell which infiltrates the skin lesions include both Th2 and
Th1 cells, as well as other T cell lineages i.e., Th17 and Th22 [11,15,18-20]. This is in contrast to psoriasis,
another persistent inflammatory skin disease, where Th1 and Th17 subsets dominate in skin [21,22].
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structure and function,
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Figure 1. Etiology of atopic dermatitis.

2. Genetics of AD

From the genetic point of view, the disease is inherited and multifactorial; many non-allelic genes
and environmental factors, which induce the symptoms, contribute to its pathogenesis [7,8,11-16,18]
(Figure 1). According to recent research, over 70 genes could be associated with AD in different
populations. Genes of the known contribution to AD pathogenesis can be divided into five main
groups (Table 1).
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The first group includes genes, mutations in which lead to the epidermal barrier
dysfunction [7,8,11-13,16,23-25]. The second and third groups contain genes associated with the
impairment of innate or adaptive immune response mechanisms, respectively, e.g., leading to the
over-reactivity in the TLR system, the overproduction of Th2 cytokines or dysfunction in regulatory T
lymphocytes; genes encoding Th1, Th17, and Th22 cytokines play essential roles in the chronic phase of
the disease [1,7,8,13-15,26-32]. The fourth group includes interleukin genes produced by keratinocytes
exposed to stress, e.g., UV or mechanical trauma (alarmins): IL-25, TSLP, IL-33 [7,8,13,14,17,19]. The last
group contains genes implicated in the vitamin D metabolism and synthesis of its receptors [7,11,12,15].
An interesting gene is OVOL1 (ovo like transcriptional repressor), an upstream transcription factor
that regulates FLG expression. It is intriguing that FLG, OVOLI and IL13 were the three genes
most significantly associated with AD among 31 susceptible gene loci reported in a meta-analysis of
genome-wide association studies [27].

Table 1. Main groups of genes associated with atopic dermatitis (AD) pathogenesis [5-7,9,10,12,23-32].

Pathological Process in AD Example of Genes Involved

Filaggrin, filaggrin 2, hornerin
Corneodesmosomal genes (desmoglein, desmocollin) and tight junction genes
(claudins, ocludins)
Epidermal barrier genes Epidermal protease genes (kallikreins, cathepsins, caspase 14), and their
inhibitors (SPINK5, Cystatin A)
OVOLI (ovo like transcriptional repressor)—transcription factor that
regulates FLG expression
Genes of the innate immune mechanisms TLR1, TLR2, TLR4, TLR6, TLRY, TLR10, CD14, NOD1 and defensins (DEFB1)
Genes of receptor subunits for IgE (FceRI o i FCeRI-¥)
Genes of Th2 response: IL-4, IL-5, IL-13, IL2RA, IL-13RA IL-5RA, TSLPR,
Genes of the adaptive immune mechanism IL-4R, IL-18, IL-31
Other genes of Th bias IL17A, TNFa, IL-22
Treg genes: STAT-6, FOXP3, LRRC32
Genes encoding alarmins produced by keratinocytes  IL-25, TSLP, IL-33
Genes regulating DNA methylation KIF3A
Genes regulating vitamin D pathways CYP27A1, CYP2R1, VDR

However, the genetic associations described above characterize only a fraction of patients
diagnosed with AD and have also been observed in healthy individuals; additionally, patients with
a non-identifiable mutation also exist. This raises a question: why does the disease manifest only
in some of the mutation carriers and why does it appear in patients without the mutation?

One of the main genes related to AD is the filaggrin gene (FLG) with null mutations observed
in about half of the patients with moderate to severe AD [33-36]. Heterozygous carriers have
an estimated eight-fold increased risk of the disease, while carriers of two mutated alleles are virtually
always affected (with the odds ratio of > 150) [35]. The number of FLG monomer repeats in the gene
sequence also influences the clinical phenotype [36] including the time of the onset and the severity of
the disease. It is important to remember that FLG mutations as such also represent a risk factor for
other atopic manifestations, e.g., asthma, suggesting that FLG deficiency may have a broader systemic
significance. FLG, synthesized predominantly at the granular layer of the epidermis as a large precursor
(profilaggrin; PFLG), is one of the main proteins of the stratum corneum. It is required for the generation
of the natural moisturizing factor (NMF), which is produced upon FLG deamination and breakdown.
NMF consists of amino acids (40%), pyrrolidone—carboxylic acid (12%), lactates (12%), urea (7%),
Na*, Ca*?, K*, phosphates and chlorides (18%), glucosamine and creatinine (1,5%). NMF plays
a key role in the maintenance of stratum corneum hydration and due to the mild acidity of the main
compounds, also reduces its pH to about 5.5. Interestingly, besides the inherited factors, the content of
FLG can be reduced by inflammatory cytokines and histamine in the atopic skin, which explains its
decreased level in patients without a mutation in the FLG gene [6,9-12,33]. Epidermal insufficiency,
resulting from one of these factors or their combination increases trans-epidermal water loss, causing
the drying and cracking of the epidermis; FLG insufficiency also leads to aberrant keratinocyte
differentiation, resulting in inadequate skin lipid content [37]. As a result, the insufficiency in the
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epidermal barrier enables the penetration of allergens and microorganisms. In addition, pH elevation
results in the activation of epidermal proteases that cause uncontrolled epidermis desquamation.
Proteases may also activate proinflammatory cytokines (IL-13, IL-18, IL-33), which leads to skin
inflammation [13,14,17,19]. Furthermore, several immunological mechanisms linked to filaggrin have
been described, which indicate its broader immunomodulatory role [38—41].

Nevertheless, the question remains as to why some individuals, who are FLG gene mutation
carriers or have a mutation in other AD-relevant genes, do not present symptoms of the disease [35].
To this end, data indicate that the epigenetic regulation of gene expression could be another factor
in AD pathogenesis, along with the pathogenic mutations [42].

3. Epigenetic Regulation of Gene Expression

Epidemiological studies show that multiple environmental factors lead to the increased occurrence
of AD. The most prevalent example is the lack of contact with bacterial antigens during one’s youth,
referred to as “the hygiene hypothesis” [11,12,43]. What are the most likely mechanisms in which
those environmental factors influence gene expression and support AD development?

We may find some answers to these questions in a new, rapidly growing field of genetics called
“epigenetics”. Recently, it has been assumed that, aside from the genome, a genetic code encrypted
with the DNA sequence, our cells also contain the “epigenome”, i.e., the “second code”; the superior
mechanism that controls the expression of the “first code”. In the nucleus, the DNA is wrapped around
nucleosomes built from alkaline proteins, histones (H1, H2A, H2B, H3, H4), which together form
chromatin [7,8,13,14,41-43].

By the term “epigenome”, we understand chromatin modifications such as covalent modifications
of histone proteins or DNA methylation and also non-coding RNA-dependent regulation. This may
affect the DNA and histone proteins, and consequently, regulate the expression of genes within
the genome. It should be emphasized that epigenetic changes do not modify the genetic code
(i.e., DNA sequence) itself. Modifications of the chromatin structure may, however, lead to the
activation or inhibition of the transcription process of certain genes, and consequently, the process of
translating new mRNA into a polypeptide chain.

The completion of the human genome sequence at the end of the 20th century enabled the
understanding of the encrypted code; recently, research on the human epigenome has been launched [44].
This international project aims to learn the sequences of epigenetic changes characterizing all the
cells and tissues of the human organism, in both health and disease. Epigenetic changes during
embryogenesis and the differentiation of cells into tissues and organs are also being explored.
Those processes are mostly reversible, which gives hope that the results generated in the project will
aid the development of new therapies.

A large variety of mechanisms has been identified by which epigenetic changes may
regulate gene expression, including histone modification, DNA methylation, and non-coding
RNA-dependent mechanisms:

a.  Post-translational alterations of the histone proteins impacting chromatin architecture, affecting
its density and availability for enzyme complexes (Table 1);

b.  Methylation, hydroxymethylation, or the demethylation of cytosine in the regulatory gene
sequences (promoter or enhancer) altering the transcription of a gene. When the DNA bases
cytosine and guanine are next to each other, the silencing of particular genes may occur as a result
of adding a methyl group to the DNA molecule, which results in their inactivation and prevention
of transcription. On the contrary, the demethylation of the promoter triggers the transcription
process and induces the expression of a particular gene (Table 1);

c¢. Non-coding RNA, including micro-RNAs (miRNAs), small interfering RNAs (siRNAs),
long non-coding RNAs (In-RNAs) and Pivi-interacting RNAs (piRNAs) also comprise an important
signaling and regulatory tool. This affects the process of transcription, and may also alter gene
expression at the post-transcriptional levels [7,11,12,16,43—47].
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3.1. Post-Translational Histone Alterations

Nuclear chromatin exists in two variants; tightly packed chromatin (heterochromatin) and
lightly packed chromatin (euchromatin). Because of the high compression level, heterochromatin
is not accessible for enzymes participating in the transcription process; genes encoded by DNA
in this state are not expressed. In contrast, in the case of euchromatin, the DNA matrix is accessible to
transcriptase, and the genetic code is transcribed, so the genes located in those regions may be expressed.
Chromatin compression level is influenced by post-translational modifications of histones (acetylations,
phosphorylations, methylations, ubiquitinations, sumoylations). The acetylation of histones results
in chromatin becoming more tightly packed which blocks transcription, while deacetylation loosens
the chromatin structure, activating gene transcription in this region. Similarly, the methylation of
lysine in histone H3 (Lys 9 or Lys 27) results in gene silencing, while adding a methyl group to lysine
in the position 4 or 79 or to arginine in position 17 of a polypeptide chain of histone H3 leads to the
activation of gene transcription (Table 2) [7,8,11,12,16].

A good example of how the regulation of gene expression at the epigenetic level works is the
de-activation of the X chromosome; observed in the female cell nuclei as Barr body. The process
of deactivation happens randomly and in theory, half of the cells in the female organism have
a transcriptionally active X chromosome from her mother and in the other half, the one from her father.
In the deactivated X chromosome, histone H4 has been shown not to be acetylated [44,45].

Table 2. Examples of the epigenetic changes of chromatin and their influence on gene activity
(from [11], modified).

Chromatin Modification Activation' of.Gene Deactivatio.n o'f Gene
Transcription Transcription
Promoter methylation
Methylation of cytosine in gene promoter no yes
Demethylation of cytosine in the promoter yes no
Histone modification
Ace’Fyla—tlt')n of hlstone H2A K5+ yes no
amino acids residues
H2B K5,K12,K15,K20 yes no
H3 K4,K14,K18,K23,K27 yes no
H4 K8, K16 yes no
Methy-lation of histone H3 K4, K79, R17 yes no
amino acid residues
H3 K9, K27 no yes
H4 R3 yes no
H4 K20 no yes
Ubiquiti-nation of histones H2A K119 no yes
H2B K120 yes no

* K—lysine residue, R—arginine residue.

3.2. Methylation, Hydroxymethylation or Demethylation of Cytosine

The methylation of cytosine constitutes one of the most widespread epigenetic mechanisms
regulating gene expression. The process is catalyzed by a specific family of enzymes
i.e., DNA methyltransferases (DNA MTs). It is considered that persistently around 60-70% of
cytosine bases are in the methylated state. Particular targets of the methylation process are regions
of DNA where cytosine is followed by guanine, referred to as CpG sites. These sequences’ residue
consist of around 70% of the proximal promoter’s regions in the human genome, constitute primary
sequences and indicate the direction of transcription. The mechanism of methylation comprises
a specific signaling tool that appears to restrain the addition of specific regulatory proteins to the
DNA strand inhibiting the process of transcription. In contrast, cytosine demethylation catalyzed
by Ten-eleven translocation (TET) enzymes triggers the promoter and stimulates the transcription of
specific sequences. It has been shown that the cells of a similar function show similar gene methylation
patterns [11,12,43-45].
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Epigenetic changes play a fundamental role in the processes of differentiation of the T lymphocytes
subpopulations that are so important for the pathogenesis of AD (Figure 2). The epigenetic activation
of Th2 lymphocytes producing IL-4 IL-5 and IL-13 cytokines resulting from GATA3 transcription factor
activation occurs by the demethylation of IL-13, IL-4 gene promoters and histone H3 methylation
in this region as well as an increase in the methylation of IFG gene promoter, and decrease in H3
histone acetylation in this gene region (Figure 2). In contrast, the activation of the Th1 bias requires
the methylation of the CpG islands in IL-4, IL-13, IL17A gene promoters, and RORC gene coding
transcription factor, as well as demethylation of IFG and TBX21, and an increase in acetylation
and decrease in the methylation in respective H3 histones [48-50]. The demethylation of the
region in the FOXP3 promoter gene, H3 residue acetylation, and methylations, accompanied by
the hypermethylation of the RORC gene and H3 residue methylations favors the differentiation of
the ThO cells towards regulatory T (Treg) phenotype. In contrast, the methylation of the FOXP3
promoter and the demethylation of RORC results in Treg deficiency, one of the features in AD

pathogenesis [43,45,50-52].
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Figure 2. Epigenetic change in chromatin (promoter methylation, histone methylation, and acetylation)
observed in the differentiation process of T helper cells subpopulations (from Potaczek et al. 2017
modified [50].

3.3. Micro-RNAs

Micro-RNAs (mi-RNAs) consist of a class of small, evolutionary conserved, non-coding molecules
approximately 19-25 base pair in length, single-stranded RNA, which play a vital role in regulating
post-transcriptional gene expression in Eukaryotes. The fact that these RNA species remained relatively
conserved evolutionary speaking indicates great biological importance. Indeed, miRNAs are involved
in multiple processes such as the apoptosis, morphogenesis, proliferation, regulation of cellular
metabolism, signal transduction, as well as cell differentiation [19,43—45,53,54].

The first product of mi-RNAs transcription is pri-mi-RNA, which is processed by the enzyme
called Drosha which generates pre-Mi-RNA. mi-RNA then leaves the nucleus and is processed in the
cytoplasm by the next enzyme (DICER) into a single-stranded mi-RNA. When miRNA binds to a target
messenger RNA (mRNA) strand, it directly affects its stability; consequently, the complex undergoes
degradation in the cytoplasm. In effect, the targeted mRNA is removed and the translation ceases which
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results in the inhibition of the gene function. It is considered that 1-3% of the human genome might be
regulated by this epigenetic mechanism, which accounts for at least 30% of the protein-encoding genes.
Interestingly, the same class of miRNA might affect the expression of several genes and vice versa,
the same gene might be regulated by different miRNA species [19].

Recently, there has been growing interest in the miRNA-based diagnostics from body fluids.
These small molecules can be detected in plasma, tissue fluid, milk, and urine, and may be contained
within exosomes, small transport liposomes which could affect other cells. miRNA seems to be highly
resistant to environmental factors. Interestingly, miRINA content in the fluids may carry a function;
e.g., studies demonstrated that the presence of miRNA in exosomes of human breast milk may affect
the immune system of a newborn child [19,53-60].

3.4. Non-Mendelian, “Heretic” Transgeneration Inheritance of Epigenetic Changes

Interestingly, some studies suggest that epigenetic changes could be involved in transgenerational
inheritance; i.e., epigenetic patterns may be inherited by the progeny. For example, chemically
modified DNA or the chromatin of reproductive cells contribute to the expression of a single allele
in the progeny, which is called “the phenomenon of genome staining” (or “genomic imprinting”) [61-65].
Genomic imprinting represents yet another example of non-Mendelian inheritance, which could be
called “heretic inheritance” [66]. As in conventional inheritance, genes for a given trait are passed
down to the progeny from both parents. However, these genes are epigenetically marked before
transmission, altering their levels of expression. These imprints are created before gamete formation
and are erased during the creation of germ line cells. Therefore, a new pattern of imprinting can be
made with each generation. We can call this transmission “heretic” as other non-mendelian traits
(extranuclear, mitochondrial heredity, infections heredity, post zygotic recombination). Certainly,
epigenetic modifications of germline cells can be carried into cellular clones during embryogenesis and
organogenesis, as well as furring the differentiation of functional subsets of immune cells (Th1, Th2, Th17,
Th22, and Treg lymphocytes); hence, the cells of a given tissue may inherit a specific pattern of a chemical
modification of DNA and chromatin. This epigenetic modification pattern undergoes adjustments
in the process of maturation and differentiation of the cells of the immune system, during prenatal
development and ontogenesis under the influence of environmental factors [7,8,13,14,41-43,60].

4. Epigenetic Changes in Atopic Dermatitis

Recent data indicate that the profile of epigenetic changes in patients suffering from AD differs
from that seen in healthy individuals. This applies to the genes affecting the regulation of immune
response and inflammatory processes, e.g., the inhibition of responses dependent on Th1 lymphocytes,
and the promotion of the Th2 bias, as well as the genes involved in innate immunity and those
encoding the structural proteins of the epidermis [7,8,13,14,40,61-66]. In the skin, it has been shown
that DNA methylation profiles also differ in the epidermis of AD patients in comparison to those
in healthy people; specifically, this involves genes of known structural and antimicrobial function,
i.e., 5100 or keratin genes (Table 3). In addition, the OAS cluster, encoding enzymes required for the
synthesis of adenosine receptors involved in the activation of specific antiviral RNAses (oligoadenylate
synthase proteins) are also affected. These genes are regulated by interferon and participate in the
innate immune defense [67]. Furthermore, the demethylation of the TSLP promoter was observed
in keratinocytes isolated from AD patients resulting in the overexpression of this Th2-biasing alarmin
in their epidermis [68]. Similarly, the demethylation of the promoter of FCER1G (encoding high-affinity
IgE receptor, FceRI) was observed in monocytes of the AD patients resulting in its overexpression on
the surface of these cells [69]. In addition, the KIF3A gene has recently been shown to be involved
in skin barrier function. Disease-associated KIF3A variants alter gene methylation and expression
impacting skin barrier and atopic dermatitis risk [70-74].
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Atopy was found to have evidence of imprinting on chromosomes 3, 6, 11, 14, and 13. The
subunit of the IgE receptor on chromosome 11q12-13 may be maternally imprinted [63,64], and the
locus of AD from 3q21 is paternally imprinted [65].

As highlighted above, mutations leading to reduced filaggrin expression are the major factor
contributing to AD pathogenesis. Studies by Ziyab et al. have shown that the excessive methylation
of this gene may occur in heterozygotic carriers of null mutations (R501X, 2282del4, and S3247X);
the interplay between the sequence and epigenetic regulation results in the increased risk of the disease
in the carriers. These studies indicate that the epigenetic mechanisms regulating the expression of the
FLG gene in the pathogenesis of the disease should not be overlooked [42].

Alterations in the expression of several specific miRNAs are also observed in the skin and /or
the serum of AD patients are presented in Table 3. These are involved in the regulation of expression
of genes which determine Th2 polarization, the function of regulatory T lymphocytes, inflammatory
processes, tight junction formation, epidermal keratinocytes proliferation and apoptosis, synthesis of
cytokines and chemokines [55,56,70-72,75]. A study by Sonkoly et al. [70] showed that the expression of
10 miRNA species (e.g., miR-21, miR-146a, miR-155, miR-223) is increased within AD skin lesions; at the
same time, the expression of 34 miRNAs (including Let a-d, miR-365, miR-375, miR-375, and miR-193c)
was decreased.

Table 3. miRNA change in atopic dermatitis (data from [7,11,53,75-78]).

miRNA Expression Change in AD

. Associated Effect
Lesions or Serum

lLet-7 a-d TIL-13TCCR7
lmiR-375 TTSLP (Thymic stromal lymphopoietin)
lhsa-miR-26a-5a THAS3 (hyaluronian 3 synthase)
TmiR-21 LIL12
TmiR-29b Promotion of INF-y-induced keratinocyte

apoptosis
ISTAT1 and decrease in Treg activation

TmiR-146a INFkB-pro-inflammatory transcription factor
|CTLA-4 and decrease in Treg proliferation
TmiR-155 TPromotion of Th17 differentiation
lInhibition of tight junction formation
TmiR-223 in umbilical cord blood Decrease in Treg activation
TMiR-151a in serum Inhibition of IL-12 signaling

Other miRNA expression changes in atopic skin: T miR-17-5p, T
miR142-3p/5p, | miR-122a, |miR-326, | miR-133b, |miR-125b,
lmiR375,
| miR193c, |miR365

Similarly, miR-146a inhibits the IFNy-inducing events, such as the activation of TLR receptors
by bacterial lipopolysaccharides as well as NF«B associated with the activation of the respective
intracellular signaling. Moreover, miR-146 directly blocks the expression of the TRAF6, IRAK1,
IRAK2, and RELB genes regulating the activation of this pathway. The transcription factor NFxB
controls the expression of many genes required for the proinflammatory cytokine footprint, i.e., IL1B,
TNFA, CARD10, IRAK1, chemokine genes: CCL5 and CXCLS (encoding IL-8), and the miR-146a itself.
Inhibiting the expression of those genes decreases the effectiveness of the innate antimicrobial response,
which is a feature of AD. MiR-146a also blocks the expression of the STATT gene in the regulatory T
cell subset, which promotes Th1 by the suppression of Treg [19,56,72].

Sonkoly etal. demonstrated that miR-155 was one of the most up-regulated miRNAs in AD patients.
In particular, miR-155 is necessary for the differentiation of T helper type 17 (Th17) and Treg cells [55,78].
The miR-155 molecule inhibits the expression of CTLA-4 (cytotoxic T-lymphocyte-associated protein
4) molecule, an immune checkpoint receptor that has an inhibitory effect on T cell responses. Hence,
the increase in the miR-155 expression in the AD skin results in a loss of the control mechanism
dependent on Tregs, which leads to an increase in effector T cell proliferation and results in sustained
inflammation [11,12,19,43,55-58,70]. Ma et al. demonstrated that miR-155 was overexpressed in AD
patients and positively correlated AD severity. In addition, the percentage of Th17 cells was increased
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in AD patients and there was a positive correlation between miR-155 expression and Th17 cell
percentage [79].

The miRNA molecules from the Let-7 a-d family were the inhibitors of IL-13 and CCRY7 synthesis.
Hence, the decrease in Let-7 a-d expression observed in the atopic skin promotes the overproduction
of this cytokine and contributes to the Th2 bias [56]. Similarly, miR-375 molecule, which induces
the synthesis of TSLP (by blocking the expression of a transcription factor KLF5) and enhances Th2
responses in the skin [19].

Loss of hsa-miR-26a-5a is associated with the increased expression on AD skin hyaluronian
3 synthase (HAS3) involved in synthesis hyaluronian acid, a major component of extracellular
matrix [76].

MiR-151a level was significantly higher in the plasma of AD patients as compared with the healthy
individuals. Chen et al. showed that miR-151a was involved in the pathogenesis of AD by regulating
IL-12 receptor 32 (IL12RB2), a subunit of IL-12 receptor. Overexpressing miR-151a in human T helper
cells significantly downregulated IL12RB2 expression [79].

Studies in mice indicate that miRNA therapy could become one of the therapeutic strategies for
AD. For example, Yoon et al. [80] targeted CCL22, a chemokine influencing the recruitment of Th2
lymphocytes expressing cutaneous lymphocytes antigen (CLA) into the skin. The study showed that
the dietary administration of Salmonella typhimurium expressing CCL22-targeting miRNA blocked the
expression of CCL22 in vivo, which led to differences in the severity of AD lesions, pruritus and IL-4,
and CCL22 levels.

miR-151a and hsa-mir-144-3p have been proposed as potential biomarkers of AD [81,82].
The increased expression of Hsa-mir-144-3p has been observed in umbilical cord serum, and a high
level of MiR-151a were observed in the serum of AD patients [79,80]. miR-151a would reduce IL12RB2
levels in T-cells, favoring the increase in Th2 cells.

5. Epigenetic Regulation of Gene Expression in Pregnancy and Early Childhood

It is regarded that the epigenetic regulation in pregnancy could affect the well-being of a newborn,
influencing the epigenome of the offspring. A number of different factors acting on the pregnant
mother and in early childhood that alter the epigenome are presented in Figure 3.
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Figure 3. Factors acting on the body of a pregnant woman and affecting the epigenome of a child.
All factors could have a modifying effect.
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Fetal CD4+ lymphocytes vary from those the adults in the hypermethylation status of the
IFNG gene promoter; this leads to the inhibition of Th1 differentiation [83]. Changes in chromatin
conformation (heterochromatinization) were also observed. As such they reduce the availability of
the transcription enzymes to the TBX21 locus. The transcription factor TBX21 plays a major role
in the differentiation of the Th1 lymphocytes [84]. Interestingly, a significantly lower number of Treg
lymphocytes is seen in the fetal blood than in the adult blood; this may promote increased Th2 cell
responsiveness [85,86].

Epidemiological studies indicate a relationship between the disturbances in commensal bacterial
composition and increased allergy risk; it also correlates with an early onset of the symptoms.
In agreement with this, children who are treated with antibiotics in early childhood have a higher risk
of allergies [87,88]. There is a lack of direct data on the impact of the microorganisms on the epigenetic
processes in allergy, however, some data indicate that the alterations in function and composition of the
gut microbiota are implicated in the pathogenesis of metabolic diseases, e.g., obesity and diabetes via
the induction of epigenetic changes, such as DNA methylation, histone modifications and regulation
by non-coding RNAs [89].

For atopic dermuatitis, it has been indicated that higher frequencies of Treg lymphocytes were
observed in the umbilical blood of children born from mothers in rural areas, and their functions
were more pronounced [90,91] than of those from urban areas. This may also be compared with the
observed demethylation of the FOXP3 gene promoter in the children of women drinking raw cow’s
milk during their pregnancy [90]. Similarly, feeding children with raw cow’s milk seems to increase
the demethylation of the FOXP3 gene in the peripheral blood cells and the Treg numbers [90,91].
Comparisons of the neonatal methylation profiles of cord blood cells between the individuals living in the
rural vs. urban areas also showed the hypomethylation of ORMDLI (ORM1-like protein 1, endoplasmic
proteins associated with sphingolipid metabolism) and STAT6. In addition, the hypermethylation of
the RAD50 (encoding DNA repair protein RADS0, associated with the replication and DNA repair) and
IL13, was also observed in the former. This favors a reduction in the IL-13 synthesis and Th2 lymphocyte
activity [92,93], beneficial in terms of allergy prevention. Studies in mice have demonstrated that the
exposure to microorganisms may influence gene expression regulation and promote the Th1 response.
For example, the prenatal administration of Gram-negative bacteria, Acinobacterium lwoffi F78 results in
the acetylation of histone H4 in the IFNG locus in mice and as a consequence, an increase in the IFNy
synthesis [94].

Epigenetic changes in the genome may be also linked to the exposure to polycyclic aromatic
hydrocarbons, such as benzo(a)pyrene in tobacco smoke and polluted air [95-97]. Cigarette smoking by
pregnant women results in the epigenetic changes that promote early onset of atopy in the child [83-86].
Specifically, the decreased intensity of the methylation process of the TSDR regulatory region in the
FOXP3 gene was observed in the fetal cells; this was associated with a decrease in the number of Tregs
in the umbilical cord blood and significantly increased the risk of developing AD and food allergy
before the age of 3 [95,96,98]. Cigarette smoking during pregnancy also resulted in an increase in
expression of miR-223 in the umbilical blood, correlating with a decrease in the Treg number and
increased AD risk before the age of 3. Moreover, miR-223 inhibits IGFIR (insulin-like growth factor 1
receptor) affecting the expression of the IGF receptor, which plays a role in the regulation of cellular
metabolism, cell proliferation, and apoptosis [99]. The exposure of a pregnant woman to polycyclic
aromatic hydrocarbons contained in the polluted air seems to be also associated with an increase in the
methylation of the IFNG promoter in the umbilical cord blood cells and a decrease in its expression,
which, again, promotes the development of Th2-dependent allergic reactions as shown above [97].

6. Therapies of AD

AD is regarded as a chronic, persistent disease; therefore, the treatment strategy of AD should
be focused on symptomatic therapy, inflammation control and maintaining the remission period.
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The therapy should however be individualized regarding patients” characteristics and course of
the disease.

The local treatment is considered the mainstay of AD management. First step is education,
the avoidance of clinically relevant allergens and emollient therapy [100,101].

The emollients may be the only one strategy or added to topical anti-inflammatory drugs
or systemic treatment. It is worth emphasizing that adequate moisturizing reduces the risk of
AD exacerbations as well as the necessity of the implementation of steroid treatment [100,101].
Emollients are recommended twice daily, ca 250 g/weekly for adults. Bathing or showering itself should
include using lukewarm water as well as nonirritating, pH-balanced skin care products [100,101].

Topical anti-inflammatory treatment based on topical corticosteroid (TCS) and calcineurin
inhibitors (TCI). TCS, in most cases of class II and III, according to Niedner, are used in the acute stage
for a short period of time, e.g., 3-5 days and followed by TCI [100,101]. The latest are especially useful
in sensitive skin areas and occlusive areas. Proactive treatment with tacrolimus helps to control the
disease [102]. Wet wrap therapy with properly diluted TCS is relatively safe and a sufficient therapeutic
strategy in severe, recalcitrant AD in children [103].

Patients with AD are more vulnerable to bacterial skin infections, especially with staphylococcal
bacteria. However, antibiotics should be limited to only the exacerbations with clinical signs of bacterial
infections to avoid the risk of sensitization or bacterial resistance [100,101].

In the case of moderate to severe cases of AD, topical therapy should be usually accomplished
by phototherapy or systemic immuno-supressive/immunomodulatory treatment. Cyclosporin A is
recommended as first lime treatment in such cases. Oral corticosteroids should be limited to short
treatment periods [101,102]. As an alternative, methotrexate, azathioprine and mycophenolate mofetil
may be also considered [101,102]. Currently, new targeted treatment strategies in managing AD are
being developed. The first biologic agent ant- IL-4 receptor monoclonal antibody was registered for
AD treatment [102,104]. The trend for personalized medicine appears viable.

7. Therapies of AD with Drugs Interfering Epigenetic Processes

To date, there are no data on therapies with drugs interfering with the epigenetic processes
in atopic dermatitis. In contrast, in leukemia treatment, specific compounds that inhibit the activity of
methyltransferases among others have already been introduced to clinics [105-107]. In line with that,
Steelant et al. suggest that the introduction of therapies that deliberately interfere with epigenetic status
in allergic rhinitis should be concurrent to the scientific advancement [108]. What is worth emphasizing,
glucocorticosteroids which are in extensive clinical use have properties reducing the activity of histone
deacetylase (HDAC), one of the key enzymes involved in the epigenetic processes [109]. Moreover,
in an animal model of this disease, trichostatin A histone deacetylase inhibitor can selectively diminish
the expression of T2-type cytokines by reducing, thereby worsening, the symptoms of atopic dermatitis
(AD) [110]. The authors also noticed the positive effects of the use of a demethylase inhibitor H3K27me3
for asthma prevention in an animal model [111]. The loss of miR-335 is observed in AD skin. Recently,
Liew et al. demonstrated that Belinostat, the inhibitor of histone deacetylase, restores epidermal
miR-335 expression and rescues the defective skin barrier in AD by targeting the dysregulated
miR-335/SOX6 axis [111].

However, to develop an effective atopic dermatitis and allergy-directed therapy acting through the
deliberate modification of genes responsible for type Th2 bias at the epigenetic level requires a much
better understanding of the complex mechanisms and dependencies; this will hopefully be seen in the
coming years [107-110].

8. Summary

In summary, AD is a heterogeneous disease in which the interplay between genomic changes
associated with mutations in the key barrier and immune genes and a spectrum of environmental
factors play a fundamental role in the pathogenesis. To make it more complex, recent studies indicate
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the importance of epigenetic alterations in the development of the disease. Epigenetic modifications
are mainly mediated by DNA methylation, histone acetylation, and the action of specific micro-RNAs.
It has been determined that the epigenome in AD patients differs from the one observed in healthy
individuals. This applies especially to the genes regulating immune responses and inflammatory
processes, i.e., those involved in the Thl inhibition and Th2 bias, genes of the innate immunity as
well as those encoding the structural proteins of the epidermis. A thorough understanding of the
epigenetic modifications may provide a basis for new molecular classifications of the disease and the
development of personalized therapies.

Author Contributions: Manuscript conceptualization: B.N., writing, and conception of figures and tables; B.N.,
J.R., D.G.-O,, collecting information and manuscript revisions; B.N., D.G.-O.,EJ., M.T,, E.R., A.Z., conceptualization,
supervision: B.N., LT.D., D.G.-O., E.R. and final manuscript revision LK., D.G.-O., ER,, LT.D., B.N.,, M.L,, M.T,,
DS, JJ.,AS,MN., AZ,6R]N.,].S. All authors have read and agreed to the published version of the manuscript.

Funding: The study is supported by the Polish Ministry of Science and Higher Education, grants no 02-0066/07/253,
and DIR/WK/2017/01, Grant 07-0045 of Polpharma SA, Poland. DGO would like to acknowledge the support of
the Foundation for Polish Science (FNP), the National Sciences Centre (NCN) and the British Skin Foundation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Weidinger, S.; Beck, L.A.; Bieber, T.; Kabashima, K.; Irvine, A.D. Atopic dermatitis. Nat. Rev. Dis. Prim. 2018,
4, 1. [CrossRef]

2. Silverberg, ].I. Atopic Dermatitis in Adults. Med. Clin. 2020, 104, 157-176. [CrossRef]

3. Schmid, P; Simon, D.; Simon, H.; Akdis, C.A.; Wiithrich, B. Epidemiology, clinical features, and immunology
of the “intrinsic”(non-IgE-mediated) type of atopic dermatitis (constitutional dermatitis). Allergy 2001, 56,
841-849.

4. Flohr, C.; Johansson, S.G.O.; Wahlgren, C.-E,; Williams, H. How atopic is atopic dermatitis? ]. Allergy
Clin. Immunol. 2004, 114, 150-158. [CrossRef]

5. Gutowska-Owsiak, D.; Salimi, M.; Selvakumar, T.A.; Wang, X.; Taylor, S.; Ogg, G.S. Histamine exerts multiple
effects on expression of genes associated with epidermal barrier function. J. Investig. Allergol. Clin. Immunol.
2014, 24, 231-239.

6. Gutowska-Owsiak, D.; Schaupp, A.L.; Salimi, M.; Selvakumar, T.A.; McPherson, T.; Taylor, S.; Ogg, G.S.
IL-17 downregulates filaggrin and affects keratinocyte expression of genes associated with cellular adhesion.
Exp. Dermatol. 2012, 21, 104-110. [CrossRef]

7. Martin, M.]; Estravis, M.; Garcia-Sanchez, A.; Davila, I; Isidoro-Garcia, M.; Sanz, C. Genetics and Epigenetics
of Atopic Dermatitis: An Updated Systematic Review. Genes 2020, 11, 442. [CrossRef]

8. Loset, M.; Brown, S.J.; Saunes, M.; Hveem, K. Genetics of atopic dermatitis: From DNA sequence to clinical
relevance. Dermatology 2019, 235, 355-364. [CrossRef]

9.  Gutowska-Owsiak, D.; Schaupp, A.L.; Salimi, M.; Taylor, S.; Ogg, G.S. Interleukin-22 downregulates filaggrin
expression and affects expression of profilaggrin processing enzymes. Br. |. Dermatol. 2011, 165, 492—498.
[CrossRef]

10. Gschwandtner, M.; Mildner, M.; Mlitz, V.; Gruber, F.; Eckhart, L.; Werfel, T.; Gutzmer, R.; Elias, PM.;
Tschachler, E. Histamine suppresses epidermal keratinocyte differentiation and impairs skin barrier function
in a human skin model. Allergy 2013, 68, 37—47. [CrossRef]

11. Liang, Y.; Chang, C.; Lu, Q. The Genetics and Epigenetics of Atopic Dermatitis-Filaggrin and Other
Polymorphisms. Clin. Rev. Allergy Immunol. 2016, 51, 315-328. [CrossRef] [PubMed]

12.  Bin, L.; Leung, D.Y.M. Genetic and epigenetic studies of atopic dermatitis. Allergy Asthma Clin. Immunol. Off.
J. Can. Soc. Allergy Clin. Immunol. 2016, 12, 52. [CrossRef] [PubMed]

13. Stemmler, S.; Hoffjan, S. Trying to understand the genetics of atopic dermatitis. Mol. Cell. Probes 2016, 30,
374-385. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41572-018-0001-z
http://dx.doi.org/10.1016/j.mcna.2019.08.009
http://dx.doi.org/10.1016/j.jaci.2004.04.027
http://dx.doi.org/10.1111/j.1600-0625.2011.01412.x
http://dx.doi.org/10.3390/genes11040442
http://dx.doi.org/10.1159/000500402
http://dx.doi.org/10.1111/j.1365-2133.2011.10400.x
http://dx.doi.org/10.1111/all.12051
http://dx.doi.org/10.1007/s12016-015-8508-5
http://www.ncbi.nlm.nih.gov/pubmed/26385242
http://dx.doi.org/10.1186/s13223-016-0158-5
http://www.ncbi.nlm.nih.gov/pubmed/27777593
http://dx.doi.org/10.1016/j.mcp.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27725295

Int. J. Mol. Sci. 2020, 21, 6484 13 0f 18

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Bonamonte, D.; Filoni, A.; Vestita, M.; Romita, P,; Foti, C.; Angelini, G. The role of the environmental risk
factors in the pathogenesis and clinical outcome of atopic dermatitis. Biomed Res. Int. 2019, 2019, 2450605.
[CrossRef] [PubMed]

Hoffjan, S.; Stemmler, S. Unravelling the complex genetic background of atopic dermatitis: From genetic
association results towards novel therapeutic strategies. Arch. Dermatol. Res. 2015, 307, 659-670. [CrossRef]
Mu, Z.; Zhang, J. The Role of Genetics, the Environment, and Epigenetics in Atopic Dermatitis. Adv. Exp.
Med. Biol. 2020, 1253, 107-140.

Totté, J.E.E.; van der Feltz, W.T.; Hennekam, M.; van Belkum, A.; van Zuuren, E.J.; Pasmans, S.G.M.A.
Prevalence and odds of Staphylococcus aureus carriage in atopic dermatitis: A systematic review and
meta-analysis. Br. J. Dermatol. 2016, 175, 687-695. [CrossRef]

Weidinger, S.; Novak, N. Atopic dermatitis. Lancet (London England) 2016, 387, 1109-1122. [CrossRef]
Rebane, A.; Akdis, C.A. MicroRNAs: Essential players in the regulation of inflammation. J. Allergy
Clin. Immunol. 2013, 132, 15-26. [CrossRef]

Nedoszytko, B.; Sokotowska-Wojdyto, M.; Ruckemann-Dziurdziniska, K.; Roszkiewicz, J.; Nowicki, R.J.
Chemokines and cytokines network in the pathogenesis of the inflammatory skin diseases: Atopic dermatitis,
psoriasis and skin mastocytosis. Postep. Dermatologii I Alergol. 2014, 31, 84-91. [CrossRef]

Samotij, D.; Nedoszytko, B.; Bartosiriska, ].; Batycka-Baran, A.; Czajkowski, R.; Dobrucki, I.T.; Dobrucki, L.W.;
Gorecka-Sokolowska, M.; Janaszak-Jasienicka, A.; Krasowska, D.; et al. Pathogenesis of psoriasis in the
“omic” era. Part I. Epidemiology, clinical manifestation, immunological and neuroendocrine disturbances.
Postep. Dermatologii I Alergol. 2020, 37, 135-153. [CrossRef] [PubMed]

Nedoszytko, B.; Szczerkowska-Dobosz, A.; Stawczyk-Maciej, M.; Owczarczyk-Saczone, A. Pathogenesis
of psoriasis in the “omics” era. Part II - Genetic, genomic and epigenetic changes in psoriasis.
Adv. Dermatol. Allergol. 2020, 37, 1-16. [CrossRef] [PubMed]

Gimalova, G.F,; Karunas, A.S.; Fedorova, Y.Y.; Gumennaya, E.R.; Levashova, S.V.,; Khismatullina, Z.R;
Prans, E.; Koks, S.; Etkina, E.I; Khusnutdinova, E.K. Association of polymorphisms in the toll-like receptor
genes with atopic dermatitis in the Republic of Bashkortostan. Mol. Biol. 2014, 48, 227-237. [CrossRef]
Zhang, Y.; Wang, H.-C.; Feng, C.; Yan, M. Analysis of the Association of Polymorphisms rs5743708 in TLR2
and rs4986790 in TLR4 with Atopic Dermatitis Risk. Immunol. Invest. 2019, 48, 169-180. [CrossRef]
Trzeciak, M.; Wesserling, M.; Bandurski, T.; Glen, J.; Nowicki, R.; Pawelczyk, T. Association of a Single
Nucleotide Polymorphism in a Late Cornified Envelope-like Proline-rich 1 Gene (LELP1) with Atopic
Dermatitis. Acta Derm. Venereol. 2016, 96, 459—463. [CrossRef]

Sokotowska-Wojdyto, M.; Glen, J.; Zablotna, M., Rebata, K., Trzeciak, M.; Sikorska, M.;
Ruckemann-Dziurdziriska, K.; Nedoszytko, B.; Florek, A.; Nowicki, R. The frequencies of haplotypes
defined by three polymorphisms of the IL-31 gene: —1066, —2057, and IVS2+12 in Polish patients with atopic
dermatitis. Int. |. Dermatol. 2015, 54, 62—67. [CrossRef]

Tsuji, G.; Hashimoto-Hachiya, A.; Kiyomatsu-Oda, M.; Takemura, M.; Ohno, E; Ito, T.; Morino-Koga, S.;
Mitoma, C.; Nakahara, T.; Uchi, H. Aryl hydrocarbon receptor activation restores filaggrin expression via
OVOLL1 in atopic dermatitis. Cell Death Dis. 2017, 8, €2931. [CrossRef]

Zablotna, M.; Sobjanek, M.; Glen, ]J.; Niedoszytko, M.; Wilkowska, A.; Roszkiewicz, J.; Nedoszytko, B.
Association between the -1154 G/A promoter polymorphism of the vascular endothelial growth factor gene
and atopic dermatitis. J. Eur. Acad. Dermatol. Venereol. 2010, 24, 91-92. [CrossRef]

Trzeciak, M.; Glen, J.; Roszkiewicz, J.; Nedoszytko, B. Association of single nucleotide polymorphism of
interleukin-18 with atopic dermatitis. J. Eur. Acad. Dermatol. Venereol. 2010, 24, 78-79. [CrossRef]

Trzeciak, M.; Glerj, J.; Bandurski, T.; Sokotowska-Wojdylo, M.; Wilkowska, A.; Roszkiewicz, J. Relationship
between serum levels of interleukin-18, IgE and disease severity in patients with atopic dermatitis.
Clin. Exp. Dermatol. 2011, 36, 728-732. [CrossRef]

Nedoszytko, B.; Niedoszytko, M.; Lange, M.; Van Doormaal, J.; Gler, J.; Zabtotna, M.; Renke, J.; Vales, A.;
Buljubasic, F,; Jassem, E.; et al. Interleukin-13 promoter gene polymorphism -1112C/T is associated with the
systemic form of mastocytosis. Allergy 2009, 64, 287-294. [CrossRef] [PubMed]

Wilkowska, A.; Glen, J.; Zabtotna, M.; Trzeciak, M.; Ryduchowska, M.; Sobjanek, M.; Nedoszytko, B.;
Nowicki, R.; Sokotowska-Wojdyto, M. The association of GM-CSF -677A/C promoter gene polymorphism
with the occurrence and severity of atopic dermatitis in a Polish population. Int. ]. Dermatol. 2014, 53,
e172-e174. [CrossRef] [PubMed]


http://dx.doi.org/10.1155/2019/2450605
http://www.ncbi.nlm.nih.gov/pubmed/31119157
http://dx.doi.org/10.1007/s00403-015-1550-6
http://dx.doi.org/10.1111/bjd.14566
http://dx.doi.org/10.1016/S0140-6736(15)00149-X
http://dx.doi.org/10.1016/j.jaci.2013.04.011
http://dx.doi.org/10.5114/pdia.2014.40920
http://dx.doi.org/10.5114/ada.2020.94832
http://www.ncbi.nlm.nih.gov/pubmed/32489346
http://dx.doi.org/10.5114/ada.2020.96243
http://www.ncbi.nlm.nih.gov/pubmed/32774210
http://dx.doi.org/10.1134/S002689331402006X
http://dx.doi.org/10.1080/08820139.2018.1508228
http://dx.doi.org/10.2340/00015555-2301
http://dx.doi.org/10.1111/ijd.12666
http://dx.doi.org/10.1038/cddis.2017.322
http://dx.doi.org/10.1111/j.1468-3083.2009.03307.x
http://dx.doi.org/10.1111/j.1468-3083.2009.03272.x
http://dx.doi.org/10.1111/j.1365-2230.2011.04113.x
http://dx.doi.org/10.1111/j.1398-9995.2008.01827.x
http://www.ncbi.nlm.nih.gov/pubmed/19178408
http://dx.doi.org/10.1111/ijd.12245
http://www.ncbi.nlm.nih.gov/pubmed/24117406

Int. J. Mol. Sci. 2020, 21, 6484 14 0f 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Palmer, C.N.A.; Irvine, A.D.; Terron-Kwiatkowski, A.; Zhao, Y.; Liao, H.; Lee, S.P,; Goudie, D.R.; Sandilands, A.;
Campbell, L.E.; Smith, FJ.D. Common loss-of-function variants of the epidermal barrier protein filaggrin are
a major predisposing factor for atopic dermatitis. Nat. Genet. 2006, 38, 441-446. [CrossRef] [PubMed]
Weidinger, S.; Illig, T.; Baurecht, H.; Irvine, A.D.; Rodriguez, E.; Diaz-Lacava, A.; Klopp, N.; Wagenpfeil, S.;
Zhao, Y.; Liao, H. Loss-of-function variations within the filaggrin gene predispose for atopic dermatitis with
allergic sensitizations. J. Allergy Clin. Immunol. 2006, 118, 214-219. [CrossRef]

McLean, W.H.I. Filaggrin failure-from ichthyosis vulgaris to atopic eczema and beyond. Br. |. Dermatol. 2016,
175 (Suppl. 4-7). [CrossRef]

Brown, S.J.; Kroboth, K.; Sandilands, A.; Campbell, L.E.; Pohler, E.; Kezic, S.; Cordell, H.J.; McLean, WH.I.;
Irvine, A.D. Intragenic copy number variation within filaggrin contributes to the risk of atopic dermatitis
with a dose-dependent effect. J. Invest. Dermatol. 2012, 132, 98-104. [CrossRef]

Kawasaki, H.; Nagao, K.; Kubo, A.; Hata, T.; Shimizu, A.; Mizuno, H.; Yamada, T.; Amagai, M. Altered
stratum corneum barrier and enhanced percutaneous immune responses in filaggrin-null mice. J. Allergy
Clin. Immunol. 2012, 129, 1538-1546. [CrossRef]

Marwah, I.; Wang, X.; Chan, H.; Ogg, G.S.; Gutowska-Owsiak, D. Filaggrin-insufficiency in keratinocytes
influences responsiveness of allergen-specific T cells to cognate antigen and compounds barrier function
deficiency. Clin. Immunol. 2014, 153, 153-155. [CrossRef]

Jarrett, R; Salio, M.; Lloyd-Lavery, A.; Subramaniam, S.; Bourgeois, E.; Archer, C.; Cheung, K.L.; Hardman, C.;
Chandler, D.; Salimi, M.; et al. Filaggrin inhibits generation of CD1a neolipid antigens by house dust
mite-derived phospholipase. Sci. Transl. Med. 2016, 8, 325. [CrossRef]

Lee, K.H.; Cho, K.-A; Kim, J.-Y,; Kim, J.-Y,; Baek, J.-H.; Woo, S.-Y.; Kim, J.-W. Filaggrin knockdown and
Toll-like receptor 3 (TLR3) stimulation enhanced the production of thymic stromal lymphopoietin (TSLP)
from epidermal layers. Exp. Dermatol. 2011, 20, 149-151. [CrossRef]

Leitch, C.S.; Natafji, E.; Yu, C.; Abdul-Ghaffar, S.; Madarasingha, N.; Venables, Z.C.; Chu, R.; Fitch, PM.;
Muinonen-Martin, A.].; Campbell, L.E.; et al. Filaggrin-null mutations are associated with increased
maturation markers on Langerhans cells. J. Allerqy Clin. Immunol. 2016, 138, 482-490. [CrossRef] [PubMed]
Ziyab, A .H.; Karmaus, W.; Holloway, ] W.; Zhang, H.; Ewart, S.; Arshad, S.H. DNA methylation of the filaggrin
gene adds to the risk of eczema associated with loss-of-function variants. J. Eur. Acad. Dermatol. Venereol.
2013, 27, e420-e423. [CrossRef] [PubMed]

Harb, H.; Renz, H. Update on epigenetics in allergic disease. |. Allergy Clin. Immunol. 2015, 135, 15-24.
[CrossRef] [PubMed]

Bernstein, B.E.; Meissner, A.; Lander, E.S. The mammalian epigenome. Cell 2007, 128, 669—-681. [CrossRef]
[PubMed]

Botchkarev, V.A.; Gdula, M.R.; Mardaryev, A.N.; Sharov, A.A.; Fessing, M.Y. Epigenetic regulation of gene
expression in keratinocytes. J. Invest. Dermatol. 2012, 132, 2505-2521. [CrossRef] [PubMed]

Makeyev, E.V.; Maniatis, T. Multilevel regulation of gene expression by microRNAs. Science 2008, 319,
1789-1790. [CrossRef]

Krol, J.; Loedige, I.; Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay.
Nat. Rev. Genet. 2010, 11, 597-610. [CrossRef]

Jones, B.; Chen, ]. Inhibition of IFN-gamma transcription by site-specific methylation during T helper cell
development. EMBO . 2006, 25, 2443-2452. [CrossRef]

Lee, D.U.; Agarwal, S.; Rao, A. Th2 lineage commitment and efficient IL-4 production involves extended
demethylation of the IL-4 gene. Immunity 2002, 16, 649-660. [CrossRef]

Potaczek, D.P,; Harb, H.; Michel, S.; Alhamwe, B.A.; Renz, H.; Tost, ]. Epigenetics and allergy: From basic
mechanisms to clinical applications. Epigenomics 2017, 9, 539-571. [CrossRef]

Nedoszytko, B.; Sokotowska-Wojdyto, M.; Renke, ].; Lange, M.; Trzonkowski, P; Sobjanek, M.;
Szczerkowska-Dobosz, A.; Niedoszytko, M.; Gérska, A.; Romantowski, J.; et al. The role of regulatory T cells
and genes involved in their differentiation in pathogenesis of selected inflammatory and neoplastic skin
diseases. Part III: Polymorphisms of genes involved in Tregs’ activation and function. Postep. Dermatologii
I Alergol. 2017, 34. [CrossRef] [PubMed]

Kehrmann, J.; Tatura, R.; Zeschnigk, M.; Probst-Kepper, M.; Geffers, R.; Steinmann, J.; Buer, J. Impact of
5-aza-2’-deoxycytidine and epigallocatechin-3-gallate for induction of human regulatory T cells. Immunology
2014, 142, 384-395. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/ng1767
http://www.ncbi.nlm.nih.gov/pubmed/16550169
http://dx.doi.org/10.1016/j.jaci.2006.05.004
http://dx.doi.org/10.1111/bjd.14997
http://dx.doi.org/10.1038/jid.2011.342
http://dx.doi.org/10.1016/j.jaci.2012.01.068
http://dx.doi.org/10.1016/j.clim.2014.04.011
http://dx.doi.org/10.1126/scitranslmed.aad6833
http://dx.doi.org/10.1111/j.1600-0625.2010.01203.x
http://dx.doi.org/10.1016/j.jaci.2015.11.040
http://www.ncbi.nlm.nih.gov/pubmed/26934939
http://dx.doi.org/10.1111/jdv.12000
http://www.ncbi.nlm.nih.gov/pubmed/23003573
http://dx.doi.org/10.1016/j.jaci.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25567039
http://dx.doi.org/10.1016/j.cell.2007.01.033
http://www.ncbi.nlm.nih.gov/pubmed/17320505
http://dx.doi.org/10.1038/jid.2012.182
http://www.ncbi.nlm.nih.gov/pubmed/22763788
http://dx.doi.org/10.1126/science.1152326
http://dx.doi.org/10.1038/nrg2843
http://dx.doi.org/10.1038/sj.emboj.7601148
http://dx.doi.org/10.1016/S1074-7613(02)00314-X
http://dx.doi.org/10.2217/epi-2016-0162
http://dx.doi.org/10.5114/pdia.2017.67053
http://www.ncbi.nlm.nih.gov/pubmed/29422815
http://dx.doi.org/10.1111/imm.12261
http://www.ncbi.nlm.nih.gov/pubmed/24476360

Int. J. Mol. Sci. 2020, 21, 6484 150f18

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

Sonkoly, E.; Stdhle, M.; Pivarcsi, A. MicroRNAs and immunity: Novel players in the regulation of normal
immune function and inflammation. Semin. Cancer Biol. 2008, 18, 131-140. [CrossRef] [PubMed]

Simpson, M.R.; Brede, G.; Johansen, J.; Johnsen, R.; Storre, O.; Seetrom, P.; Qien, T. Human breast milk
miRNA, maternal probiotic supplementation and atopic dermatitis in offspring. PLoS ONE 2015, 10, e0143496.
[CrossRef]

Sonkoly, E.; Stahle, M.; Pivarcsi, A. MicroRNAs: Novel regulators in skin inflammation. Clin. Exp. Dermatol.
2008, 33, 312-315. [CrossRef]

Lu, T.X,; Rothenberg, M.E. Diagnostic, functional, and therapeutic roles of microRNA in allergic diseases.
J. Allergy Clin. Immunol. 2013, 132, 3-13. [CrossRef]

Melnik, B.C.; John, S.M.; Schmitz, G. Milk: An exosomal microRNA transmitter promoting thymic regulatory
T cell maturation preventing the development of atopy? J. Transl. Med. 2014, 12, 43. [CrossRef]

Yao, R;; Ma, Y.-L.; Liang, W.; Li, H.-H.; Ma, Z.-].; Yu, X,; Liao, Y.-H. MicroRNA-155 modulates Treg and Th17
cells differentiation and Th17 cell function by targeting SOCS1. PLoS ONE 2012, 7, e46082. [CrossRef]
Batagov, A.O.; Kurochkin, I. V Exosomes secreted by human cells transport largely mRNA fragments that
are enriched in the 3’-untranslated regions. Biol. Direct 2013, 8, 12. [CrossRef]

van Heyningen, V.; Yeyati, P.L. Mechanisms of non-Mendelian inheritance in genetic disease. Hum. Mol. Genet.
2004, 13, R225-R233. [CrossRef]

Knudsen, TM.; Rezwan, EL; Jiang, Y.; Karmaus, W.; Svanes, C.; Holloway, ].W. Transgenerational and
intergenerational epigenetic inheritance in allergic diseases. J. Allergy Clin. Immunol. 2018, 142, 765-772.
[CrossRef] [PubMed]

Legoff, L.; D'Cruz, S.C; Tevosian, S.; Primig, M.; Smagulova, F. Transgenerational inheritance of
environmentally induced epigenetic alterations during mammalian development. Cells 2019, 8, 1559.
[CrossRef] [PubMed]

Nguyen, C.M.; Liao, W. Genomic imprinting in psoriasis and atopic dermatitis: A review. J. Dermatol. Sci.
2015, 80, 89-93. [CrossRef] [PubMed]

Cox, H.E.; Moffatt, M.E; Faux, J.A.; Walley, A.].; Coleman, R.; Trembath, R.C.; Cookson, W.O.; Harper, J.I.
Association of atopic dermatitis to the beta subunit of the high affinity immunoglobulin E receptor.
Br. J. Dermatol. 1998, 138, 182-187. [CrossRef] [PubMed]

Lee, Y.A.; Wahn, U.; Kehrt, R,; Tarani, L.; Businco, L.; Gustafsson, D.; Andersson, F.; Oranje, A.P;
Wolkertstorfer, A.; v Berg, A.; et al. A major susceptibility locus for atopic dermatitis maps to chromosome
3q21. Nat. Genet. 2000, 26, 470—-473. [CrossRef]

Kaiser, J. The epigenetics heretic. Science 2014, 343, 361-363. [CrossRef]

Rodriguez, E.; Baurecht, H.; Wahn, A.F,; Kretschmer, A.; Hotze, M.; Zeilinger, S.; Klopp, N.; Illig, T.;
Schramm, K.; Prokisch, H.; et al. An integrated epigenetic and transcriptomic analysis reveals distinct
tissue-specific patterns of DNA methylation associated with atopic dermatitis. J. Investig. Dermatol. 2014,
134, 1873-1883. [CrossRef]

Luo, Y,; Zhou, B.; Zhao, M; Tang, J.; Lu, Q. Promoter demethylation contributes to TSLP overexpression
in skin lesions of patients with atopic dermatitis. Clin. Exp. Dermatol. 2014, 39, 48-53. [CrossRef]

Liang, Y.; Wang, P; Zhao, M.; Liang, G.; Yin, H.; Zhang, G.; Wen, H.; Lu, Q. Demethylation of the FCER1G
promoter leads to FceRI overexpression on monocytes of patients with atopic dermatitis. Allergy 2012, 67,
424-430. [CrossRef]

Sonkoly, E.; Janson, P.; Majuri, M.-L.; Savinko, T.; Fyhrquist, N.; Eidsmo, L.; Xu, N.; Meisgen, F.; Wei, T,;
Bradley, M.; et al. MiR-155 is overexpressed in patients with atopic dermatitis and modulates T-cell
proliferative responses by targeting cytotoxic T lymphocyte-associated antigen 4. . Allergy Clin. Immunol.
2010, 126, 520-581. [CrossRef]

Lu, TX,; Hartner, J.; Lim, E.-J.; Fabry, V.; Mingler, M.K,; Cole, E.T.; Orkin, S.H.; Aronow, B.J.; Rothenberg, M.E.
MicroRNA-21 limits in vivo immune response-mediated activation of the IL-12/IFN-gamma pathway, Th1
polarization, and the severity of delayed-type hypersensitivity. J. Immunol. 2011, 187, 3362-3373. [CrossRef]
[PubMed]

Rebane, A.; Runnel, T.; Aab, A.; Maslovskaja, J.; Riickert, B.; Zimmermann, M.; Plaas, M.; Kérner, J.;
Treis, A.; Pihlap, M.; et al. MicroRNA-146a alleviates chronic skin inflammation in atopic dermatitis through
suppression of innate immune responses in keratinocytes. J. Allergy Clin. Immunol. 2014, 134, 836-847.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.semcancer.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18291670
http://dx.doi.org/10.1371/journal.pone.0143496
http://dx.doi.org/10.1111/j.1365-2230.2008.02804.x
http://dx.doi.org/10.1016/j.jaci.2013.04.039
http://dx.doi.org/10.1186/1479-5876-12-43
http://dx.doi.org/10.1371/journal.pone.0046082
http://dx.doi.org/10.1186/1745-6150-8-12
http://dx.doi.org/10.1093/hmg/ddh254
http://dx.doi.org/10.1016/j.jaci.2018.07.007
http://www.ncbi.nlm.nih.gov/pubmed/30040975
http://dx.doi.org/10.3390/cells8121559
http://www.ncbi.nlm.nih.gov/pubmed/31816913
http://dx.doi.org/10.1016/j.jdermsci.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26341698
http://dx.doi.org/10.1046/j.1365-2133.1998.02108.x
http://www.ncbi.nlm.nih.gov/pubmed/9536245
http://dx.doi.org/10.1038/82625
http://dx.doi.org/10.1126/science.343.6169.361
http://dx.doi.org/10.1038/jid.2014.87
http://dx.doi.org/10.1111/ced.12206
http://dx.doi.org/10.1111/j.1398-9995.2011.02760.x
http://dx.doi.org/10.1016/j.jaci.2010.05.045
http://dx.doi.org/10.4049/jimmunol.1101235
http://www.ncbi.nlm.nih.gov/pubmed/21849676
http://dx.doi.org/10.1016/j.jaci.2014.05.022
http://www.ncbi.nlm.nih.gov/pubmed/24996260

Int. J. Mol. Sci. 2020, 21, 6484 16 of 18

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Stevens, M.L.; Zhang, Z.; Johansson, E.; Ray, S.; Jagpal, A.; Ruff, B.P; Kothari, A.; He, H.; Martin, L.J.; Ji, H,;
et al. Disease-associated KIF3A variants alter gene methylation and expression impacting skin barrier and
atopic dermatitis risk. Nat. Commun. 2020, 11, 4092. [CrossRef] [PubMed]

Johansson, E.; Myers, ]. M.B.; Martin, L.J.; He, H.; Pilipenko, V.; Mersha, T.; Weirauch, M.; Salomonis, N.;
Ryan, P.; LeMasters, G.K. KIF3A genetic variation is associated with pediatric asthma in the presence of
eczema independent of allergic rhinitis. J. Allergy Clin. Immunol. 2017, 140, 595-598. [CrossRef]

Yu, X.; Wang, M.; Li, L.; Zhang, L.; Chan, M.T.V,; Wu, W.K.K. MicroRNAs in atopic dermatitis: A systematic
review. J. Cell. Mol. Med. 2020, 24, 5966-5972. [CrossRef]

Li, HM.; Xiao, Y.J.; Min, Z.S.; Tan, C. Identification and interaction analysis of key genes and micro RNA s
in atopic dermatitis by bioinformatics analysis. Clin. Exp. Dermatol. 2019, 44, 257-264. [CrossRef]

Yan, E; Meng, W.; Ye, S.; Zhang, X.; Mo, X,; Liu, ].; Chen, D.; Lin, Y. MicroRNA-146a as a potential regulator
involved in the pathogenesis of atopic dermatitis. Mol. Med. Rep. 2019, 20, 4645-4653. [CrossRef]

Sonkoly, E.; Wei, T.; Janson, P.C.J.; Sdéf, A.; Lundeberg, L.; Tengvall-Linder, M.; Norstedt, G.; Alenius, H.;
Homey, B.; Scheynius, A. MicroRNAs: Novel regulators involved in the pathogenesis of psoriasis? PLoS ONE
2007, 2, e610. [CrossRef]

Ma, L.; Xue, H.; Wang, F.; Shu, C.; Zhang, J. MicroRNA-155 may be involved in the pathogenesis of atopic
dermatitis by modulating the differentiation and function of T helper type 17 (Th17) cells. Clin. Exp. Immunol.
2015, 181, 142-149. [CrossRef]

Yoon, W.S.; Lee, S.S.; Chae, Y.S.; Park, Y.K. Therapeutic effects of recombinant Salmonella typhimurium
harboring CCL22 miRNA on atopic dermatitis-like skin in mice. Exp. Mol. Med. 2011, 43, 63-70. [CrossRef]
Dissanayake, E.; Inoue, Y.; Ochiai, S.; Eguchi, A.; Nakano, T.; Yamaide, F.; Hasegawa, S.; Kojima, H.;
Suzuki, H.; Mori, C. Hsa-mir-144-3p expression is increased in umbilical cord serum of infants with atopic
dermatitis. |. Allergy Clin. Immunol. 2019, 143, 447-450. [CrossRef] [PubMed]

Chen, X.; Zhang, L.; Zhang, J.; Dou, X.; Shao, Y,; Jia, X.; Zhang, W.; Yu, B. MiR-151a is involved in the
pathogenesis of atopic dermatitis by regulating interleukin-12 receptor 32. Exp. Dermatol. 2018, 27, 427-432.
[CrossRef] [PubMed]

White, G.P.; Watt, PM.; Holt, B.J.; Holt, P.G. Differential patterns of methylation of the IFN-gamma promoter
at CpG and non-CpG sites underlie differences in IFN-gamma gene expression between human neonatal
and adult CD45RO-T cells. J. Immunol. 2002, 168, 2820-2827. [CrossRef] [PubMed]

Kaminuma, O,; Kitamura, F; Miyatake, S.; Yamaoka, K.; Miyoshi, H.; Inokuma, S.; Tatsumi, H.; Nemoto, S.;
Kitamura, N.; Mori, A ; et al. T-box 21 transcription factor is responsible for distorted T(H)2 differentiation
in human peripheral CD4+ T cells. ]. Allergy Clin. Immunol. 2009, 123, 813-823.e3. [CrossRef] [PubMed]
Fujimaki, W.; Takahashi, N.; Ohnuma, K.; Nagatsu, M.; Kurosawa, H.; Yoshida, S.; Dang, N.H.; Uchiyama, T.;
Morimoto, C. Comparative study of regulatory T cell function of human CD25CD4 T cells from thymocytes,
cord blood, and adult peripheral blood. Clin. Dev. Immunol. 2008, 2008, 305859. [CrossRef]

Schaub, B.; Liu, J.; Schleich, I.; Hoppler, S.; Sattler, C.; von Mutius, E. Impairment of T helper and T regulatory
cell responses at birth. Allergy 2008, 63, 1438-1447. [CrossRef]

Cao, S.; Feehley, T.].; Nagler, C.R. The role of commensal bacteria in the regulation of sensitization to food
allergens. FEBS Lett. 2014, 588, 4258-4266. [CrossRef]

Amberbir, A.; Medhin, G.; Erku, W.; Alem, A.; Simms, R.; Robinson, K.; Fogarty, A.; Britton, J.; Venn, A.;
Davey, G. Effects of Helicobacter pylori, geohelminth infection and selected commensal bacteria on the risk
of allergic disease and sensitization in 3-year-old Ethiopian children. Clin. Exp. Allergy 2011, 41, 1422-1430.
[CrossRef]

Sharma, M.; Li, Y.; Stoll, M.L.; Tollefsbol, T.O. The Epigenetic Connection Between the Gut Microbiome
in Obesity and Diabetes. Front. Genet. 2019, 10, 1329. [CrossRef]

Schaub, B.; Liu, J.; Hoppler, S.; Schleich, I.; Huehn, J.; Olek, S.; Wieczorek, G.; 1lli, S.; von Mutius, E. Maternal
farm exposure modulates neonatal immune mechanisms through regulatory T cells. J. Allergy Clin. Immunol.
2009, 123, 774-782. [CrossRef]

Lluis, A.; Depner, M.; Gaugler, B.; Saas, P.; Casaca, V.I.; Raedler, D.; Michel, S.; Tost, J.; Liu, J.; Genuneit, J.; et al.
Increased regulatory T-cell numbers are associated with farm milk exposure and lower atopic sensitization
and asthma in childhood. J. Allergy Clin. Immunol. 2014, 133, 551-559. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41467-020-17895-x
http://www.ncbi.nlm.nih.gov/pubmed/32796837
http://dx.doi.org/10.1016/j.jaci.2017.02.003
http://dx.doi.org/10.1111/jcmm.15208
http://dx.doi.org/10.1111/ced.13691
http://dx.doi.org/10.3892/mmr.2019.10695
http://dx.doi.org/10.1371/journal.pone.0000610
http://dx.doi.org/10.1111/cei.12624
http://dx.doi.org/10.3858/emm.2011.43.2.008
http://dx.doi.org/10.1016/j.jaci.2018.09.024
http://www.ncbi.nlm.nih.gov/pubmed/30312706
http://dx.doi.org/10.1111/exd.13276
http://www.ncbi.nlm.nih.gov/pubmed/27992076
http://dx.doi.org/10.4049/jimmunol.168.6.2820
http://www.ncbi.nlm.nih.gov/pubmed/11884451
http://dx.doi.org/10.1016/j.jaci.2009.01.055
http://www.ncbi.nlm.nih.gov/pubmed/19348920
http://dx.doi.org/10.1155/2008/305859
http://dx.doi.org/10.1111/j.1398-9995.2008.01685.x
http://dx.doi.org/10.1016/j.febslet.2014.04.026
http://dx.doi.org/10.1111/j.1365-2222.2011.03831.x
http://dx.doi.org/10.3389/fgene.2019.01329
http://dx.doi.org/10.1016/j.jaci.2009.01.056
http://dx.doi.org/10.1016/j.jaci.2013.06.034
http://www.ncbi.nlm.nih.gov/pubmed/23993223

Int. J. Mol. Sci. 2020, 21, 6484 17 of 18

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Michel, S.; Busato, E; Genuneit, J.; Pekkanen, ]J.; Dalphin, J.-C.; Riedler, J.; Mazaleyrat, N.; Weber, J.;
Karvonen, A.M.; Hirvonen, M.-R.; et al. Farm exposure and time trends in early childhood may influence
DNA methylation in genes related to asthma and allergy. Allergy 2013, 68, 355-364. [CrossRef] [PubMed]
Schieck, M.; Sharma, V.; Michel, S.; Toncheva, A.A.; Worth, L.; Potaczek, D.P,; Genuneit, J.; Kretschmer, A.;
Depner, M.; Dalphin, ].-C.; et al. A polymorphism in the TH 2 locus control region is associated with changes
in DNA methylation and gene expression. Allergy 2014, 69, 1171-1180. [CrossRef] [PubMed]

Brand, S.; Teich, R.; Dicke, T.; Harb, H.; Yildirim, A.O.; Tost, J.; Schneider-Stock, R.; Waterland, R.A;
Bauer, U.-M.; von Mutius, E.; et al. Epigenetic regulation in murine offspring as a novel mechanism
for transmaternal asthma protection induced by microbes. . Allergy Clin. Immunol. 2011, 128, 617-618.
[CrossRef]

Breton, C.V.; Byun, H.-M.; Wenten, M.; Pan, E; Yang, A.; Gilliland, F.D. Prenatal tobacco smoke exposure
affects global and gene-specific DNA methylation. Am. ]. Respir. Crit. Care Med. 2009, 180, 462-467.
[CrossRef]

Wang, I.-].; Chen, S.-L.; Lu, T.-P; Chuang, E.Y.; Chen, P--C. Prenatal smoke exposure, DNA methylation,
and childhood atopic dermatitis. Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 2013, 43, 535-543.
[CrossRef]

Tang, W.; Levin, L.; Talaska, G.; Cheung, Y.Y.; Herbstman, J.; Tang, D.; Miller, R.L.; Perera, F.; Ho, S.-M.
Maternal exposure to polycyclic aromatic hydrocarbons and 5’-CpG methylation of interferon-y in cord
white blood cells. Environ. Health Perspect. 2012, 120, 1195-1200. [CrossRef]

Hinz, D.; Bauer, M.; Roder, S.; Olek, S.; Huehn, J.; Sack, U.; Borte, M.; Simon, ]J.C.; Lehmann, I.; Herberth, G.
Cord blood Tregs with stable FOXP3 expression are influenced by prenatal environment and associated with
atopic dermatitis at the age of one year. Allergy 2012, 67, 380-389. [CrossRef]

Herberth, G.; Bauer, M.; Gasch, M.; Hinz, D.; Réder, S.; Olek, S.; Kohajda, T.; Rolle-Kampczyk, U.;
von Bergen, M.; Sack, U.; et al. Maternal and cord blood miR-223 expression associates with prenatal tobacco
smoke exposure and low regulatory T-cell numbers. |. Allergy Clin. Immunol. 2014, 133, 543-550. [CrossRef]
Wollenberg, A.; Szepietowski, J.; Taieb, A.; Ring, J. Corrigendum: Consensus-based European guidelines for
treatment of atopic eczema (atopic dermatitis) in adults and children: Part 1. |. Eur. Acad. Dermatology Venereol.
2019, 33, 1436. [CrossRef]

Wollenberg, A.; Oranje, A.; Deleuran, M.; Simon, D.; Szalai, Z.; Kunz, B.; Svensson, A.; Barbarot, S.;
von Kobyletzki, L.; Taieb, A.; et al. ETFAD/EADV Eczema task force 2015 position paper on diagnosis and
treatment of atopic dermatitis in adult and paediatric patients. J. Eur. Acad. Dermatol. Venereol. 2016, 30,
729-747. [CrossRef]

Reitamo, S.; Wollenberg, A.; Schopf, E.; Perrot, ]J.L.; Marks, R.; Ruzicka, T.; Christophers, E.; Kapp, A.;
Lahfa, M.; Rubins, A.; et al. Safety and efficacy of 1 year of tacrolimus ointment monotherapy in adults with
atopic dermatitis. The European Tacrolimus Ointment Study Group. Arch. Dermatol. 2000, 136, 999-1006.
[CrossRef] [PubMed]

Devillers, A.C.A.; Oranje, A.P. Wet-wrap treatment in children with atopic dermatitis: A practical guideline.
Pediatr. Dermatol. 2012, 29, 24-27. [CrossRef] [PubMed]

Wollenberg, A.; Barbarot, S.; Bieber, T.; Christen-Zaech, S.; Deleuran, M.; Fink-Wagner, A.; Gieler, U.;
Girolomoni, G.; Lau, S.; Muraro, A. Consensus-based European guidelines for treatment of atopic eczema
(atopic dermatitis) in adults and children: Part IL. J. Eur. Acad. Dermatol. Venereol. 2018, 32, 850-878.
[CrossRef] [PubMed]

Altucci, L.; Clarke, N.; Nebbioso, A.; Scognamiglio, A.; Gronemeyer, H. Acute myeloid leukemia: Therapeutic
impact of epigenetic drugs. Int. |. Biochem. Cell Biol. 2005, 37, 1752-1762. [CrossRef]

Blum, W.; Marcucci, G. Targeting epigenetic changes in acute myeloid leukemia. Clin. Adv. Hematol. Oncol.
2005, 3, 855-865.

Eckschlager, T.; Plch, J.; Stiborova, M.; Hrabeta, J. Histone Deacetylase Inhibitors as Anticancer Drugs. Int. J.
Mol. Sci. 2017, 18. [CrossRef]

Steelant, B.; Wawrzyniak, P.; Martens, K.; Jonckheere, A.-C.; Pugin, B.; Schrijvers, R.; Bullens, D.M.;
Vanoirbeek, J.A.; Krawczyk, K.; Dreher, A ; et al. Blocking histone deacetylase activity as a novel target for
epithelial barrier defects in patients with allergic rhinitis. J. Allergy Clin. Immunol. 2019, 144, 1242-1253.
[CrossRef]


http://dx.doi.org/10.1111/all.12097
http://www.ncbi.nlm.nih.gov/pubmed/23346934
http://dx.doi.org/10.1111/all.12450
http://www.ncbi.nlm.nih.gov/pubmed/24866380
http://dx.doi.org/10.1016/j.jaci.2011.04.035
http://dx.doi.org/10.1164/rccm.200901-0135OC
http://dx.doi.org/10.1111/cea.12108
http://dx.doi.org/10.1289/ehp.1103744
http://dx.doi.org/10.1111/j.1398-9995.2011.02767.x
http://dx.doi.org/10.1016/j.jaci.2013.06.036
http://dx.doi.org/10.1111/jdv.15719
http://dx.doi.org/10.1111/jdv.13599
http://dx.doi.org/10.1001/archderm.136.8.999
http://www.ncbi.nlm.nih.gov/pubmed/10926735
http://dx.doi.org/10.1111/j.1525-1470.2011.01691.x
http://www.ncbi.nlm.nih.gov/pubmed/22256990
http://dx.doi.org/10.1111/jdv.14888
http://www.ncbi.nlm.nih.gov/pubmed/29878606
http://dx.doi.org/10.1016/j.biocel.2005.04.019
http://dx.doi.org/10.3390/ijms18071414
http://dx.doi.org/10.1016/j.jaci.2019.04.027

Int. J. Mol. Sci. 2020, 21, 6484 18 of 18

109. Oh, K.-S.; Patel, H.; Gottschalk, R.A.; Lee, W.S.; Baek, S.; Fraser, ILD.C.; Hager, G.L.; Sung, M.-H.
Anti-Inflammatory Chromatinscape Suggests Alternative Mechanisms of Glucocorticoid Receptor Action.
Immunity 2017, 47, 298-309. [CrossRef]

110. Wu, C.-J; Yang, C.-Y,; Chen, Y.-H.; Chen, C.-M.; Chen, L.-C.; Kuo, M.-L. The DNA methylation inhibitor
5-azacytidine increases regulatory T cells and alleviates airway inflammation in ovalbumin-sensitized mice.
Int. Arch. Allergy Immunol. 2013, 160, 356-364. [CrossRef]

111. Liew, W.C.; Sundaram, G.M.; Quah, S.; Lum, G.G; Tan, ].S.L.; Ramalingam, R.; Common, ].E.A; Tang, M.B.Y.;
Lane, E.B.; Thng, S.T.G. Belinostat resolves skin barrier defects in atopic dermatitis by targeting the
dysregulated miR-335: SOX6 axis. . Allergy Clin. Immunol. 2020. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.immuni.2017.07.012
http://dx.doi.org/10.1159/000343030
http://dx.doi.org/10.1016/j.jaci.2020.02.007
http://www.ncbi.nlm.nih.gov/pubmed/32088305
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Genetics of AD 
	Epigenetic Regulation of Gene Expression 
	Post-Translational Histone Alterations 
	Methylation, Hydroxymethylation or Demethylation of Cytosine 
	Micro-RNAs 
	Non-Mendelian, “Heretic” Transgeneration Inheritance of Epigenetic Changes 

	Epigenetic Changes in Atopic Dermatitis 
	Epigenetic Regulation of Gene Expression in Pregnancy and Early Childhood 
	Therapies of AD 
	Therapies of AD with Drugs Interfering Epigenetic Processes 
	Summary 
	References

