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Atopic dermatitis (AD) or atopic eczema is an increasingly manifested inflammatory skin disorder of complex
etiology which is modulated by both extrinsic and intrinsic factors. Immune dysregulation, barrier dysfunction,
hormonal fluctuations, and skin microbiome dysbiosis are important factors contributing to AD development, and

their in-depth understanding is crucial not only for AD treatment but also for similar inflammatory disorders.

atopic dermatitis miroRNAs interactome

| 1. Introduction

Atopic dermatitis (AD), alternatively referred to as atopic eczema, is an inflammatory skin condition that affects
approximately 10—-20% of children and 1-3% of adults globally, with a growing occurrence observed in developed
nations [Ll. The exposome refers to the total lifetime exposures of individuals and their corresponding effects. The
recent research comprehensively explored the multifaceted extrinsic exposome, incorporating environmental risk
factors and mechanisms that contribute to AD [2. However, there is growing research interest in understanding the
interactions between both intrinsic and extrinsic exposomes in driving AD pathogenesis and maintenance. The
intrinsic exposome refers to endogenous factors that contribute to the dysregulated inflammatory and skin barrier
pathways in AD (Figure 1). Genetic variability in AD patients holds a crucial role in the disease predisposition,
presenting several future opportunities for utilization as disease biomarkers B4l Extensive research through
candidate-gene approaches and genome-wide association studies (GWASs) has identified specific single
nucleotide polymorphisms (SNPs) associated with AD, including genes involved in skin barrier function, immune
response, and inflammation. The major example of AD-associated locus refers to the filaggrin (FLG) gene, located
in the epidermal differentiation complex (EDC); loss-of-function (LOF) variants in FLG have been implicated in the
impairment of skin barrier integrity, as revealed by candidate-gene approaches, and subsequently validated
through GWASs [Bl. Additionally, other genes encoding cytokines involved in type 2 inflammation and immune
regulation, with major examples including interleukin (IL) IL-4, IL-13, and IL-31, have been linked with the

pathogenesis of AD and revealed as risk loci [¢ (Figure 2).
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Figure 1. In atopic dermatitis, immune dysregulation, barrier dysfunction, hormonal fluctuations, and alterations in
the skin microbiome are key intrinsic factors that can be influenced by both genomic, epigenomic, and

environmental factors.
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Figure 2. Genetic variations in immune-related genes, specifically those encoding cytokines, such as IL-4 and IL-
13, have been linked to a higher susceptibility to atopic dermatitis (AD). Additionally, mutations in the filaggrin gene
and other genes responsible for maintaining the integrity of the skin barrier can also contribute to the development
of AD. Skin microbiome changes, including a decrease in microbial diversity and an increase in Staphylococcus
aureus colonization, have also been observed and can be influenced by genetic and environmental factors.
Epigenetic modifications to genes involved in these processes and microRNAs, such as miR-1294 and miR-124 via
STAT3 and NF-kB, in a pivotal role, can further contribute to the development and progression of AD. (Created by

Biorender.com (accessed on 10 May 2023)).

Apart from genetic variations, the occurrence of epigenetic modifications and disrupted expression of regulatory
molecules have emerged as crucial factors governing gene expression and have been associated with the
development of AD. Epigenetic modifications include reversible changes that modulate the transcriptional activity in
the absence of changes in the underlying DNA sequence, such as DNA methylation and histone modifications [,
For instance, aberrant DNA methylation patterns of genes involved in immune response and skin barrier function
have been detected in patients with AD, suggesting a potential role for epigenetic modifications in the molecular

mechanisms underlying the disease. Furthermore, noncoding RNAs (ncRNAs) have emerged as pivotal regulators
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of gene expression, and their implication in the pathogenesis of AD has gathered significant attention. The
expanding class of ncRNAs incorporates several diverse molecules, such as microRNAs (miRNAs), long
noncoding RNAs (IncRNAs), and circular RNAs (circRNAs), with significant discrepancies in both size and related
functional roles . Through specific interactions with target genes, these ncRNAs modulate gene expression,
exerting profound effects on cellular processes, including immune response, inflammation, and skin barrier
function. The perturbed expression of such regulatory molecules has been documented in eczema patients,

underscoring their potential role in disease initiation and progression.

| 2. Noncoding RNAs in Atopic Dermatitis

Investigating post-transcriptional modifications presents an attractive approach to understanding the intrinsic
molecular interactions that occur during disease development and maintenance, which are influenced by exposure
to risk factors. Non-coding RNAs (ncRNAs), a diverse class of RNA molecules that do not encode for functional
proteins, have emerged as critical regulators of the transcriptomics landscape of complex diseases with a key role
in all cellular processes. The mechanism of action of ncRNAs incorporated a wide variety of post-transcriptional,

epigenetic, and chromosomal modifications, with most studies focusing on miRNAs and IncRNAs.

Notwithstanding the importance of miRNAs, significant progress has been made towards the identification of novel
RNA molecules with unique structures; circRNAs form a covalently closed loop structure lacking distinct, free ends
that foster their prolonged half-lives compared to linear RNAs . CircRNA molecules sequester miRNAs and
display a sponge-like effect, as well as interact with RNA-binding proteins. Two studies have evaluated the
expression profile of circRNAs in atopic dermatitis and psoriasis, depicting positive correlation signals between the
lesional skin biopsies of both diseases. Moldovan and colleagues were the first to explore the expression of
circRNAs in lesional AD biopsies through whole transcriptome sequencing, reporting a smaller perturbed profile in
eczema patients compared to psoriasis individuals; however, most deregulated circRNAs in AD were shared
between both cutaneous disorders X9, Contrastingly, expression profiling of circRNAs in the peripheral blood of
eczema patients provided the under-expression of a novel circRNA, circ_0004287; functional experiments reported
its anti-inflammatory mechanisms through the repression of the MALAT1 ncRNA, inhibiting the activation of M1

macrophages 11,

Various high-throughput and direct quantitative assays have been utilized to elucidate the mechanisms regulating
inflammation in AD, with a particular focus on peripheral blood and related cells. Inconsistent findings were
reported when comparing genome-wide miRNA levels in both serum and urine of 30 children with AD compared to
28 healthy individuals to those of lesional skin 12, However, miR-203 and miR-483-3p were identified as potential
serum biomarkers for early detection of AD, with the downregulation of miR-203 in urine samples 131, MiR-223 was
found to be upregulated in patients’ whole blood cells and is involved in hematopoietic lineage differentiation
processes and platelet activation, displaying a diverse expression profile in complex diseases [24ll13l |n addition,
central mMiRNAs associated with various inflammatory disorders, such as miR-146a and miR-155, were found to
exhibit their primary mechanism of action in the pro-inflammatory NF-kB pathway LEIA7II8IINN0]  nterestingly, the

regulatory landscape of AD shares molecular similarities with several cancer types, with over-expression of miR-
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151, an oncogenic miRNA that facilitates metastasis, and repression of miR-451a and miR-194-5p, suggesting

potential consensus mechanisms that could serve as early, identifiable risk factors in preventive medicine [21122123]
(241[25](26][27](28] (Figure 2)

Despite the inherent differences and opposing underlying mechanisms between lesional skin and peripheral blood
cells during inflammation, the pivotal regulators of inflammation, such as miR-146a, mir-223, and miR-155, persist
in an upregulated profile in eczema biopsies [12I118129301[31]i32] - However, Sonkoly et al. proved that skin-resident
immune cells, particularly CD4+ CD3+ T cells, are responsible for the enhanced mir-155 signals in AD skin
biopsies through immunohistochemical staining B2l In-depth analysis of publicly available transcriptomic datasets
in eczema patients has revealed several regulatory interactions, competing endogenous RNA (ceRNA) networks
that orchestrate the inflammatory response during AD pathogenesis and interactions between the expression
profile of protein-coding and non-coding transcripts in AD biopsies with metabolic signatures B4IBIB8IE7 - Simijlarly
to peripheral blood cells, the regulatory landscape of the cutaneous inflammation in AD shares a multitude of
commonalities with the psoriasis inflammation, however, contradicting the discriminatory ability of serum miRNA
levels between patients and healthy individuals B9, Furthermore, targeted investigation of dysregulated miRNAs
unveiled anti-inflammatory regulatory elements that could facilitate future therapeutic approaches. For instance,
mir-124, a down-regulated molecule in AD lesional biopsies, was found to target the p65 subunit of the pro-
inflammatory NF-kB pathway and subsequently reverse the cutaneous inflammation in TNF-stimulated
keratinocytes [28l. Similarly, the IL-4-mediated STAT3 signaling could be repressed via the up-regulation of mir-
1294, a tumor suppressor miRNA with significant participation in several cancer subtypes B[40 (Figure 2)
Overall, studies on lesional skin have shown upregulation of miR-10a, miR-24, miR-27a, miR-29b, miR-146a, miR-
151a, miR-193a, miR-199, miR-211, miR-222, miR-4207, and miR-4529-3p and downregulation of miR-135a, miR-
143, miR-184, miR-194-5p, and miR-4454 [41],

| 3. Regulatory Interactome in Atopic Dermatitis

Interactions between the relatively stable genetic background of complex diseases with the highly variable
epigenomic and regulatory profile are intricate, displaying significant implications for disease development,
progression, and treatment. The genomic variability can interfere with the transcriptional activity through variants
mapped in regulatory regions and subsequently quantified by expression quantitative trait loci (eQTLs) and

mediate the methylation status of specific loci by forming novel CpG sites 42,

Sobczyk et al. conducted an integrative analysis of 103 molecular data sets, including genomics, transcriptomics,
and protein QTLs, to identify causal genes and pathways that contribute to eczema pathogenesis 3. Their
pipeline prioritized genes relevant to skin and peripheral blood expression signals for further exploration as
potential pharmaceutical targets. Surprisingly, several established risk loci, such as FLG, TSLP, and SPINKS5, were
not prioritized, and the gene list showed only marginal enrichment for skin- and barrier-related terms, despite
confirming the intricate inflammatory mechanisms underlying eczema pathogenesis targeted in therapeutic

interventions involving IL-4, IL-13, and JAK-STAT signaling pathways. The study also provided new insights into
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tissue type-specific molecular interactions caused by causal variants, shedding light on previously unexplored

aspects of eczema etiology.

Interactions between the genetic background of AD with epigenetic modifications are limited, however, furnishing
valuable perspectives in the etiology of eczema. Recent studies have identified hypermethylation of the VSTM1
promoter region in monocytes, encoding the negative inflammatory regulator SIRL-1. This methylation profile is
dependent on the allelic status of the VSTM1 rs612529T/C SNP, with the C allele indicating increased methylation
and, thus, repressed expression. Significant insights were further provided for the independent KIF3A rs11740584
and rs2299007 risk variants, promoting the formation of CpG islands. Specifically, the rs11740584G and
rs2299007G alleles form novel CpG sites that lead to the hypermethylation and suppression of the KIF3A
expression, a gene responsible for the skin barrier dysfunction in Kif3oK14A/A mice, indicating a causal role in

eczema pathogenesis through their interaction with epigenetic modifications 441,

| 4. Inmune Dysregulation in Atopic Dermatitis

The immune system’s interaction with the skin is crucial in AD pathogenesis. As the body’s primary defense, the
skin relies on a coordinated immune response to protect against infections. However, this balance is disrupted in
eczema, leading to dysregulated immune responses that trigger chronic inflammation and compromise the skin’s
protective barrier. The abnormal immune response in AD contributes to the complex nature of the disease,
highlighting the need to understand the intricate immunological mechanisms for effective treatments. AD is
influenced by a combination of inflammatory and environmental factors, resulting in persistent inflammation and an

imbalanced immune response, primarily characterized by type 2 inflammation.

Moreover, inborn errors of immunity, typically associated with increased susceptibility to infections, can also lead to
immune dysregulation, including allergic inflammation. Recently, the term primary atopic disorders (PADs) have
emerged to describe heritable monogenic allergic disorders. Clinicians should be aware that allergic conditions
such as AD, food allergy, and asthma can be manifestations of misdirected immunity in patients with inborn errors
of immunity. The presence of severe, early-onset, or coexisting allergic conditions may signal an underlying PAD,
and its early recognition is crucial for informed treatment decisions and improving patient outcomes. Next-
generation sequencing can aid in the identification of monogenic allergic diseases, enabling precise therapeutic

interventions targeting specific molecular defects [4211461147][48]

The extrinsic exposome, such as allergens and mechanical injury, can trigger the release of pro-inflammatory
cytokines, including thymic stromal lymphopoietin (TSLP), IL-33, IL-25, IL-18, and chemokines such as CCL17 and
CCL22, from skin cells in the stratum corneum and dendritic cells resident in the skin. These factors create a
hostile inflammatory environment that promotes increased sensitization “BABLG2BIIEA] | -33 stimulation of
group 2 innate lymphoid cells (ILC2s) causes the production of IL-5, while the polarization of CD4+ naive T cells to
the predominant Th2 phenotype causes secretion of IL-4, IL-5, and IL-13, which are the signature cytokines in AD.
Therapeutic strategies target these cytokines as they play key roles in the pathogenesis of the disease B3IB8I57],

The Th2-mediated cytokine cascade triggers molecular pathways with diverse mechanisms of action, including the
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pro-inflammatory JAK/STAT signaling pathway that affects immune cell differentiation and activation 8. |L-13 is a
key cytokine in the development of AD, with miR-143 shown to be capable of regulating its receptor, IL-13Ral, and
preventing the IL-13-mediated dysregulation of proteins such as Filaggrin (FLG), Loricrin (LOR), and Involucrin

(IVL), which are essential for the integrity of the skin barrier B2,

In addition, miR-155-5p has been shown to alter the expression of various proteins, including protein kinase
inhibitor a, tight junction proteins such as occludin and claudins, and TSLP, thereby regulating allergic inflammation
[60I[611(62] ' An increase of the BIC gene, which encodes the miR-155 precursor, in the skin of AD patients compared
to healthy controls, suggests that genetic variants in the miR-155 gene may play a role in AD susceptibility; three of

the five SNPs spanning the BIC/miR-155 gene were associated with AD, however without statistical significance
f63],

IL-13 binds to the IL-4Ra receptor, expressed on keratinocytes, fibroblasts, and immune cells, and is capable of
inhibiting OVOL1 signaling as well as activating IL-24 production via periostin, with both pathways leading to
suppression of FLG expression 8465 Notably, genes encoding the above molecules have all been identified as
risk loci in the latest AD GWAS [l In contrast, IL-4 demonstrates its pathogenic role in AD by orchestrating the
allergic response and is involved in the major histopathological features of AD through induction of immunoglobin E
(IgE) production by B cells and suppression of antimicrobial peptides (AMPs) production in keratinocytes 68167,
Recently IL-4Ra Q576R polymorphism was found to predispose to increased AD severity and aggravation of
allergic skin inflammation in mice (68189 Furthermore, IgE secretion induces the degranulation of mast cells (MCs)
and secretion of pro-inflammatory histamine, 1L-31, and IL-6 ZAZ72] exacerbating itching and wounding and thus
predisposing to microbial infections. The persistence of the described type 2 inflammation, which is supported by
the co-regulatory contribution of additional signals such as Thl and Th17 pathways, governs the progression of

acute AD into a chronic inflammatory state [Z3I[741[75],

| 5. Barrier Dysfunction in Atopic Dermatitis

Despite the significant contribution of immune dysregulation in the manifestation of AD, epidermal barrier
dysfunction also holds a pivotal role. The skin barrier serves as a critical defense mechanism against extrinsic
exposomes, including microbes, chemicals, and UV radiation. Comprising the stratum corneum, a layer of
deceased keratinocytes and lipids, the skin barrier acts as a physical barrier to prevent the ingress of harmful
substances. Additionally, it also plays a vital role in maintaining skin hydration by preventing water loss. However,
in AD, there is a disturbance in the skin integrity, leading to increased water loss and increased susceptibility to
irritants and allergens. This barrier dysfunction is considered a fundamental intrinsic disease factor involved in the
development and progression of AD, and therefore unveiling the intricate interplay between immune dysregulation

and barrier dysfunction is critical to elucidating the complex pathophysiology of AD.

The importance of the skin barrier in AD pathogenesis has been widely demonstrated through the consistent
associations of FLG LOF variants with the disease predisposition. The dynamic process of keratinocyte (KC)

migration from the basal cell layer towards the outermost layer of the skin, the stratum corneum, is accompanied
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by complex differentiation processes and the expression of distinct cellular markers 28], Notably, the expression of
filaggrin serves as an ideal marker during the final stages of keratinocyte differentiation, which occur in the granular
and cornified layers. Proteolytic breakdown of pro-filaggrin into filaggrin monomers leads to the aggregation of
keratin filaments, in conjunction with the expression of relevant structural proteins mapped to the EDC cluster (e.g.,
LOR, ILV, and SPRR proteins) . These molecules are then crosslinked by transglutaminases (TGs), ultimately
composing a scaffold-like structure to form the cornified envelope. At the uppermost layer of the skin, the keratin
bundles foster the morphological transformation of KCs to form the corneocytes, flattened cells without intracellular
organelles and nuclei 8. Corneocytes are subsequently tightly interlinked with corneodesmosomes that are

formed via the immobilization of desmosomes at the intercellular matrix mediated by TGs 2,

Filaggrin deficiency through LOF and structural variants significantly alters the structural composition of the
cornified envelope, thus affecting the formation of corneocytes and enhancing the cutaneous sensitization to
allergic factors [BABLIB2I83]  Filaggrin deficiency can further exacerbate the inflammation and dysfunctional skin
barrier through increasing pH, activating serine proteases (SPs) and kallikreins (KLKs) that participate in
desquamation, a process that involves the constant replacement of corneocytes in the cornified envelope [B4(831[86]
(871881 v/ariants mapped in both kallikrein-encoding genes (e.g., KLK7), as well as serine protease inhibitors (e.g.,
SPINK5), have been associated with eczema B9, However, the implication of several exogenous factors, such
as house dust mites (HDMs), allergens, and S. aureus infection with the exotoxins that induce type 2 inflammation
through IgE and aggravate the epidermal barrier dysfunction, as well as the severe immunological background of
the disease has established the inside-outside or outside-inside hypothesis debate in eczema pathogenesis,

nevertheless suggested incorporating both factors and relevant molecular abnormalities 221921,

In parallel, exposure to air pollutants induces oxidative stress in the skin, which has been demonstrated to
compromise the integrity of the skin barrier by affecting transepidermal water loss (TEWL), initiating inflammatory
responses, altering the pH of the stratum corneum, and impacting the skin microbiome 2394l Several oxidative
stress markers in the stratum corneum of AD biopsies have exhibited a correlation with the severity of AD. The
levels of carbonyl moieties, lipid peroxidation, and superoxide dismutase activity in skin biopsies of 75 patients with
AD were evaluated and compared to diseased and normal controls. The findings revealed elevated levels of
protein carbonyl moieties in AD, which were directly associated with the severity of the condition. Immunostaining
with anti-DNP and anti-4-HNE antibodies indicated positive staining in the outermost layers of the stratum
corneum, suggesting that environmental reactive oxygen species (ROS) might cause oxidation to proteins in the

stratum corneum, and consequent barrier dysfunction and aggravation of AD 23],

| 6. Microbial Dysbiosis in Atopic Dermatitis

The profound diversity of microbial organisms that colonize the human body constitutes a captivating ecosystem,
impacting human health and well-being through multifaceted interactions and mechanisms. In particular, the skin
microbiome assumes a pivotal role in the host’'s defense mechanisms, acting as an additional barrier against
external pathogens, modulating immune responses, and contributing to the maintenance of cutaneous

homeostasis [28. Likewise, the gut microbiome participates in an abundance of physiological processes, such as
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metabolism, digestion, and immune responses, and has been implicated in systemic disorders; dysbiosis of
microbial populations in both tissues can be perpetuated by aberrant immune responses, leading to a vicious cycle
mediated by the inflammatory cascade 2798l |n eczema, such interactions between the impaired skin barrier,
perturbed immune response, and microbial alterations strongly participate in both the disease onset as well as the

maintenance phase; nevertheless, molecular changes have yet to be systematically elucidated.

The perturbed microbial composition in patients with AD has been extensively characterized, with the presence of
S. aureus governing the dysfunctional epithelial barrier along with the reduction of glycerol fermentation bacteria,
such as C. acnes and S. epidermis RJ1190 Beheshti and colleagues conducted a comprehensive multi-omics
assessment of saliva samples from 37 AD infants, employing targeted cytokine, human mRNA, miRNA, and 16s
ribosomal RNA analyses to unveil putative novel pathological mechanisms in eczema onset 12, Despite focusing
on identified deregulated markers of AD, with the exemplars of FLG, SPINK5, mir-146b, and alpha diversity of
Proteobacteria, significant differences were uncovered for several molecular factors, such as mir-375, mir-21,
Th1/Th2 ratio (measured by the IL-8/IL-6 ratio) and Proteobacteria abundance, with the latter being positively
correlated with the expression levels of mir-375 (rho = 0.21). Alpha diversity also reported a positive correlation
with the AD severity, further emphasizing the prominent role of the microbiome in disease pathogenesis. Notably,
statistically significant factors from each -omics analysis showed a high discriminative ability as measured by the
receiver operator characteristics curve (c-statistic = 0.814), providing the framework for additional investigation of

such factors in the cutaneous inflammation.

Despite the limited research on histone modification in the eczema landscape, Traisaeng and colleagues explored
the potential therapeutic implication of butyric acid analogs in AD through the inhibition of S. aureus colonization
and effects on histone modifications in HaCaT KCs 122 Butyric acid, a short-chain fatty acid (SCFA), exhibits anti-
microbial activity as well as represses the expression of histone deacetylase (HDAC), leading to increased
transcriptional activity and has been proposed as a potent anti-inflammatory modulator 19312041 The abundance of
S. aureus in eczema skin was significantly reduced at in vitro co-culture with S. epidermis, accompanied by the
presence of 2% glycerol through glycerol fermentation, as well as in AD mice suppressing the expression of IL-6.
Administration of water-soluble butyric acid (BA-NH-NH—-BA), the sole fermentation metabolite of S. epidermidis,
in HaCaT KCs increased the levels of acetylated Histone H3 lysine 9 (AcH3K?9), reporting as well dose-dependent
reduction of cutaneous IL-6 levels. The investigation of histone modifications accompanied by the microbial
diversity in eczema is of paramount importance to unveil the underlying molecular mechanisms and highlight

possible therapeutic targets.
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