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Abstract. Bronchial asthma is a heterogeneous chronic inflam-
matory disease of the airways that results from a complex interaction
between genetic predisposition and environmental factors. Among these,
respiratory viral infections—including rhinovirus, respiratory syncytial
virus, influenza virus, and SARS-CoV-2—are recognized not only as the
leading cause of asthma exacerbations but also as major contributors to
persistent airway inflammation. A central role in virus-induced immune
responses is played by the epithelial alarmin axis comprising interleu-
kin-33 (IL-33) and thymic stromal lymphopoietin (TSLP), whose activation
drives Th2-mediated inflammation, resulting in eosinophilic infiltration,
airway hyperresponsiveness, and bronchial remodeling. The aim of the
present review is to examine the relationship between the epithelial
alarmins IL-33 and TSLP and epigenetic modifications, particularly
DNA methylation and microRNA expression, in asthma pathogenesis,
with special emphasis on respiratory viral infections as triggers of these
molecular events. Current evidence on the mechanisms by which respi-
ratory viruses modulate IL-33- and TSLP-dependent signaling through
epigenetic regulations are summarized. Particular attention is given to
DNA methylation and microRNA-mediated regulation of genes encoding
epithelial alarmins and their downstream signaling pathways. Aberrant
epigenetic regulation contributes to persistent Th2-driven inflammation,
enhanced production of pro-inflammatory cytokines, and increased
susceptibility to recurrent viral infections and non-infectious triggers. In
addition, microRNAs can regulate the expression of epithelial alarmins
and serve as potential biomarkers of asthma activity and response to
treatment. Studying their role in the interaction between viruses and
epigenetic mechanisms broadens our understanding of the pathogenesis
of asthma and opens up new possibilities for precision therapy.
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Introduction

Asthma is one of the most common chronic non-communicable diseases among children
and adults, the diagnosis of which presents significant challenges [1]. Currently, it is considered a
heterogeneous condition encompassing various phenotypes and endotypes, triggered by factors
such as allergens, weather changes, and respiratory viral infections [1-3].

Respiratory viruses can act as a contributing factor to asthma exacerbations. The most
common viruses include rhinovirus, respiratory syncytial virus, influenza virus, parainfluenza
virus, adenovirus, coronavirus, human bocavirus, and metapneumovirus. These viruses play a
significant role in the development of wheezing, bronchiolitis, and asthma. In children under 12
months of age, rhinovirus accounts for approximately 20-40% of bronchiolitis cases or acute
wheezing episodes in the emergency department, second only to respiratory syncytial virus [4].
Severe bronchiolitis is associated with a high risk of developing asthma in the future [5]. Long-
term follow-up studies have shown that patients who experienced respiratory infections caused
by respiratory syncytial virus exhibited airway hyperreactivity and persistent airway obstruction
lasting up to 30 years later [6].

A key molecular link between viral injury to the airway epithelium and the development
of asthmatic inflammation is represented by the epithelial-derived alarmin cytokines IL-33 and
thymic stromal lymphopoietin (TSLP). Following viral infection, epithelial cells release IL-33
and TSLP, which activate group 2 innate lymphoid cells (ILC2s), dendritic cells, and mast cells,
thereby initiating a Th2-mediated inflammatory cascade characterised by the production of IL-
4, IL-5, and IL-13. This pathway is widely recognized as a central mechanism connecting acute
viral insult to persistent allergic inflammation in the bronchial mucosa. For many years, asthma
was regarded predominantly as a Th2-driven disease, characterised by elevated IgE levels and
eosinophilia in response to allergen exposure [7]. For many years, asthma was considered pre-
dominantly a Th2-driven disease, marked by elevated IgE levels and eosinophilia after allergen
exposure. Excessive Th2 cytokine production may partly reflect selective infiltration of T cells
with a Th2 functional phenotype, but asthma is now known to involve additional T-helper sub-
sets, including Th1, Th9, and Th17 cells [8].

In parallel with growing insights into the role of cytokines and IL-33/TSLP signalling
pathways, considerable interest has emerged in epigenetic regulatory mechanisms — most no-
tably small non-coding RNAs (microRNAs) and DNA methylation. MicroRNAs are endogenous
single-stranded molecules of approximately 22 nucleotides in length that mediate post-tran-
scriptional gene regulation by binding to the 3’ untranslated region (3’'UTR) of target messenger
RNAs, resulting in translational repression or transcript degradation [9,10,11]. Evidence indi-
cates that viral infections, including those caused by respiratory syncytial virus and rhinovirus,
are capable of reprogramming microRNA expression profiles and DNA methylation patterns in
bronchial epithelial cells, thereby altering the responsiveness of these cells to IL-33 and TSLP
and consolidating a pro-inflammatory phenotype on a long-term basis.

The aim of the present review is to examine the relationship between the alarmin cytokines
IL-33 and TSLP and epigenetic modifications, specifically DNA methylation and microRNA ex-
pression, in the pathogenesis of asthma, with particular emphasis on respiratory viral infections
as initiating stimuli for these molecular events.
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IL-33/TSLP-Th2 axis in asthma and viral infections

The IL-33/IL-25/TSLP-Th2 mechanism plays a key role in the development of bronchial
asthma, particularly in virus-triggered exacerbations. The airway epithelium not only provides
protection but also actively participates in immune responses [12, 13]. When exposed to aller-
gens or viruses, epithelial cells release “alarmins” — IL-33, IL-25, and TSLP — which trigger a
Th2-type immune response. [14, 15, 16, 17].

IL-33 is considered one of the earliest mediators of respiratory epithelial damage. It is
released from epithelial and endothelial cells following viral infection or cellular stress and
binds to the ST2 receptor — a member of the IL-1 receptor family expressed on the surface of
type 2 innate lymphoid cells (ILC2Zs), mast cells, eosinophils, and Th2 cells [18]. ILC2s represent
a population of innate immune cells capable of rapidly producing large amounts of IL-5 and
[L-13 without involvement of an antigen-specific immune response. Activation of the IL-33/
ST2 signaling pathway leads to enhanced production of IL-5 and IL-13, promoting eosinophilic
inflammation, mucus hypersecretion, and bronchial hyperreactivity [19, 20]. The role of IL-33
is particularly pronounced in respiratory viral infections, including rhinovirus and influenza
virus, where elevated IL-33 levels are accompanied by enhanced Th2 inflammation and airway
remodeling [20,21,22,23].

IL-25 (IL-17E) is likewise produced by epithelial cells in response to viruses and allergens.
[ts primary function is the activation of ILC2s and the support of Th2 cells [24]. IL-25 enhances
the synthesis of [L-4, IL-5, and IL-13, promotes eosinophil migration, and increases IgE produc-
tion by B lymphocytes. It is particularly important in the early stages of allergic sensitization
and can amplify chronic inflammation in asthma, notably by potentiating ILC2 activity during
viral infections [25].

TSLP (thymic stromal lymphopoietin) is an interleukin-7-like cytokine produced by
epithelial cells. TSLP is primarily expressed in the lungs, skin, and stroma and bridges innate
and adaptive immunity. Under the influence of viruses and allergens, it activates dendritic cells,
thereby promoting the differentiation of naive T lymphocytes into Th2 cells. TSLP also sustains
ILC2 activity [26,27]. In the airways of asthmatic patients, TSLP is markedly elevated and corre-
lates with disease severity and eosinophilic inflammation. During viral infections, TSLP amplifies
the production of IL-4, IL-5, and IL-13, thereby contributing to asthma exacerbations [27, 28].

A key link in the IL-33/IL-25/TSLP-Th2 cascade is represented by ILC2Zs (Figure 1). These
cells respond rapidly to alarmins and synthesize IL-5 and IL-13 in the absence of an antigen-spe-
cificimmune response [29]. IL-33 is a potent activator of pulmonary ILC2s, TSLP sustains their
survival, and IL-25 amplifies their activity. Together, these mediators establish and maintain
persistent Th2 inflammation in asthma [30].

In respiratory viral infections, activation of this axis becomes particularly critical. Viruses
such as rhinovirus, and influenza damage the airway epithelium and activate pattern-recognition
receptors, leading to rapid release of alarmins, including IL-33, IL-25, and TSLP. This amplifies
eosinophil recruitment, ILC2 and Th2 cell activation, mucus production, and airway hyperreac-
tivity, thereby making viral infections frequent precipitants of asthma exacerbations [30, 31, 32]

Furthermore, alarmins drive chronic airway remodeling. IL-13 stimulates goblet cell
hyperplasia and fibrosis, IL-5 sustains eosinophil survival, and IL-4 increases IgE production.
Thus, the IL-33/IL-25/TSLP-Th2 axis not only initiates inflammation but also perpetuates the
chronic course of asthma [33].
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Figurel. The IL-33/IL-25/TSLP-Th2 signaling cascade in bronchial asthma
(https://sci-draw.com/ru)

Current research identifies IL-33, IL-25, and TSLP as promising therapeutic targets. Agents
directed against TSLP and IL-33 have shown reductions in asthma exacerbation frequency and
attenuation of Th2 inflammation. Of particular interest is TSLP blockade with tezepelumab,
which appears capable of suppressing a broad range of Th2 responses regardless of asthma
phenotype. [30].

Methylation of TSLP in Asthma

Epigenetic modifications play a key role in regulating the activity of genes that are specific
to particular tissues and developmental stages. They can also serve as mediators of gene-envi-
ronment interactions, influencing the onset and progression of various diseases [34]. Asthma
is a complex disease that develops from a combination of genetic and environmental factors
[35,36]. Research has shown that both inherited traits and external influences play a role in the
development of atopic asthma. A key player in this process is DNA methylation, an epigenetic
mechanism that helps bridge genetic and environmental interactions [37]. This process can
affect how prone individuals are to allergic conditions like asthma. DNA methylation influences
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how T-helper (Th) cells develop, steering them towards either the Th1 or Th2 type, which in
turn impacts immune responses linked to asthma [38]. In mammals, DNA methylation is driven
by enzymes called DNA methyltransferases (DNMTs) — specifically DNMT1, DNMT3A, and DN-
MT3B. These enzymes work together to create, maintain, and regulate the methylation patterns
across the genome, which are vital for proper cell function and a balanced immune system [39].

Previous studies have demonstrated that, in asthmatic mice, the mRNA levels of DNMT1,
STAT3, IFN-y, and IL-6 in lung cells, tracheal tissue, and bronchoalveolar lavage fluid are signifi-
cantly reduced compared with those in healthy controls, whereas the expression of SOCS3, IL-4,
and IL-5 is markedly increased [40].

DNA hypomethylation and overexpression of TSLP have been identified in skin lesions from
patients with atopic dermatitis, with promoter hypomethylation shown to contribute directly to
this overexpression [41]. Consistently, in asthmatic airway epithelial cells, DNMT1 mRNA and
protein levels are markedly decreased compared with controls, while TSLP mRNA and protein
expression are significantly elevated, accompanied by demethylation of the TSLP promoter,
collectively suggesting that DNA demethylation plays a key role in driving TSLP overexpression
in asthma [42]. Some studies have also confirmed that DNMT1 is essential for the regulation,
differentiation, proliferation, and survival of T cells [40, 43].

Prenatal tobacco smoke exposure has been shown to alter DNA methylation levels at the
TSLP gene, with TSLP methylation levels negatively correlating with TSLP protein expression
[44]. Similarly, exposure to benzyl butyl phthalate (BBzP) in settled dust may increase respira-
tory symptoms in children through decreased TSLP methylation, suggesting that BBzP exposure
should be minimized, particularly in children with existing allergic diseases [45]. Furthermore,
phthalate exposure was found to shift the TH1/TH2 cytokine balance toward TH2 responses,
with in vivo evidence indicating that phthalate in combination with FITC may trigger TSLP pro-
duction via activation of the NF-kB signaling pathway [46].

Regarding T-cell differentiation, naive CD4+ T lymphocytes can differentiate into Th1 or
Th2 lineages, with Th2 cells expressing IL-4, IL-5, and IL-13, cytokines implicated in asthma. In
naive cells, the DNA at the IL-4 and IL-13 loci is predominantly methylated, whereas Th2 differ-
entiation is accompanied by the appearance of DNase I hypersensitive sites and CpG demethyl-
ation at regions coinciding with binding sites for the Th2-specific transcription factor GATA-3,
indicating that chromatin remodeling and DNA demethylation are tightly coupled to cytokine
gene activation in a tissue-specific manner [47]. Pendrin expression is upregulated in pathological
respiratory conditions such as asthma and COPD, contributing to inflammation and mucus pro-
duction [48,49,50, 51,52, 53]. This upregulation is mediated by phosphorylated STAT6, activated
by IL-4, which binds to a functional N4 GAS motif in the pendrin promoter. Accordingly, IL-4 has
been shown to induce site- and cell-specific CpG demethylation of the human pendrin promoter
in primary bronchial epithelial cells, with methylation at CpG sites 90 and 90bis proposed to
influence the magnitude and speed of the pendrin mRNA response to [L-4 [54].

Together, these findings suggest that epigenetic dysregulation may play a critical role
in aberrant TSLP expression; however, the precise molecular mechanism responsible for TSLP
overexpression in asthma remains incompletely understood.

MicroRNAs Regulating the IL-33/TSLP Axis

IL-33 represents a pivotal “alarmin” mediator that initiates the inflammatory cascade in
asthma. The mechanisms of post-transcriptional regulation of its expression — particularly those
involving microRNAs - are of considerable interest as potential therapeutic targets.

The most direct evidence for microRNA-mediated regulation of IL-33 has been obtained
for the miR-200 family [55]. miR-200b and miR-200c directly bind to the 3’ untranslated region
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(3'UTR) of IL-33 mRNA in bronchial epithelial cells. Both microRNAs were significantly down-
regulated in the bronchoalveolar lavage fluid of young adults with bronchial asthma compared to
healthy controls; an analogous pattern was reproduced in two distinct murine models of allergic
airway inflammation [56]. Reduced expression of miR-200b/c relieved inhibitory constraints on
the IL-33 3'UTR, resulting in elevated IL-33 levels and augmented type 2 inflammation. The down-
regulation of the miR-200 family in asthma is further corroborated by additional data: decreased
expression of family members was also detected in vesicular fractions of bronchoalveolar lavage
fluid and exhaled breath condensate from allergic asthmatic patients, with investigators attrib-
uting this finding to impaired epithelial-to-mesenchymal transition and airway remodeling [56].

MicroRNA miR-146a exerts a predominantly anti-inflammatory role in asthma and mod-
ulates IL-33 expression through several mechanisms. miR-146a-deficient mice demonstrated
exacerbated airway inflammation and enhanced Th2 responses in a house dust mite-induced
asthma model [56]. In humans, a polymorphism within the miR-146a gene has been associated
with susceptibility to asthma [56].

From a clinical perspective, miR-146a is upregulated in plasma and serum of asthmatic
patients and correlates with markers of poor disease control, including the Asthma Control
Questionnaire (ACQ) score [57]. Furthermore, miR-146a has been shown to suppress cyclooxy-
genase-2 and IL-1f expression upon induction by inflammatory stimuli in airway smooth muscle
cells [56], thereby reducing the substrate for potential epithelial injury and subsequent IL-33
release. In bronchial epithelial cells, miR-146a has been reported to potentiate the anti-inflamma-
tory effects of glucocorticoids [57], which may serve to attenuate IL-33-mediated inflammation
in treated patients. Notably, miR-146a is consistently included in both diagnostic panels and
asthma severity-risk assessment panels [57], underscoring its significance in the regulation of
the IL-33-dependent inflammatory cascade (Figure 3).

MicroRNA-21 (miR-21) is among the most extensively investigated microRNAs in the con-
text of asthma. It is upregulated across a variety of biological fluids and tissues, augmenting the
Th2 inflammatory response in synergy with IL-33. miR-21 modulates the Th1/Th2 balance by
suppressing IL-12p35 expression, thereby attenuating IFN-y production and promoting Th2 cell
differentiation [56]. Furthermore, miR-21 directly induces Th2 differentiation by upregulating
GATA-3 and IL-4 expression [57], converging on the same pro-inflammatory pathway activated
by IL-33(Figure 3).

In asthmatic children, plasma levels of miR-21-5p are positively correlated with IL-13 con-
centrations and the percentage of eosinophils, and inversely correlated with pulmonary function
as assessed by forced expiratory volume in one second (FEV;) [58]. Given that IL-33 promotes
IL-13 production by ILC2s and Th2 cells, while miR-21 amplifies the Th2 response, a functional
synergism between miR-21 and IL-33 may be postulated: IL-33 activates immune effector cells,
whereas miR-21 sustains their pro-inflammatory phenotype. In airway smooth muscle cells,
miR-21 additionally suppresses PTEN, thereby activating the PI3K signalling pathway [58] - the
same pathway engaged in downstream IL-33 signal transduction.

A notable direct regulator of IL-33, specific to asthmatic airway and nasopharyngeal
inflammation, is miR-181a-5p. Experimental evidence reviewed by Gu et al. demonstrates that
miR-181a-5p directly targets IL-33 mRNA and suppresses the IL-33/ST2/p38 MAPK axis in nasal
epithelial cells (RPMI-2650 cell line), thereby exerting an anti-inflammatory effect [59]. This
finding is of considerable therapeutic relevance, as it describes a mechanism by which a single
microRNA can simultaneously inhibit both IL-33 expression and its downstream signal transduc-
tion. The p38 MAPK pathway is of critical importance in asthma, regulating IL-33 expression in
the airway epithelium particularly during viral infections that precipitate disease exacerbations
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[59]. Downregulation of miR-181a-5p in nasopharyngeal inflammation and asthma may thus
permit unrestricted activation of the IL-33/ST2/p38 MAPK signalling cascade.

A novel mechanism of IL-33 production regulation involving miR-206 has recently been
described. The miR-206/CD39/ATP axis governs the expression of [L-33, IL-25, and TSLP in the
airways under conditions of type 2 inflammation [59]. CD39, an ectonucleotidase responsible
for the degradation of extracellular ATP, activates purinergic receptors on epithelial cells, there-
by mediating IL-33 release. miR-206 is capable of modulating CD39 expression, consequently
influencing extracellular ATP levels and the purinergic stimulation of IL-33 secretion. Elevated
extracellular ATP activates purinergic receptors to promote IL-33 secretion, whereas reduced
ATP levels suppress the release of IL-33, IL-25, and TSLP, as well as downstream ILC2 expansion
[59]. This mechanism represents an indirect yet functionally significant pathway through which
microRNAs regulate IL-33 expression.

Members of the let-7 family are downregulated in asthma and function as regulators of
[L-13 — a key downstream effector of the IL-33 signalling pathway. let-7 microRNAs have been
shown to directly target the 3'UTR of IL-13 mRNA, with IL-13 levels in T cells inversely correlat-
ing with let-7 abundance [56]. In murine models of allergic asthma, let-7 family members were
downregulated, whereas intranasal administration of let-7 mimics reduced IL-13 expression
and promoted resolution of allergic airway inflammation [56]. In clinical studies, downregula-
tion of the let-7 family has been detected in bronchoalveolar lavage fluid, serum, exhaled breath
condensate, and lymphocytes of asthmatic patients [57]. Since IL-33 is a potent inducer of IL-13
production via ILC2 and Th2 cell activation, the reduction in let-7 potentially amplifies the IL-
33-initiated inflammatory cycle by sustaining elevated IL-13 levels.

MicroRNA-145 (miR-145) is upregulated in the airway wall in asthma, stimulating IL-5
and IL-13 secretion by Th2 cells and contributing to eosinophilia, mucus hypersecretion, and
bronchial hyperresponsiveness [56,58]. Its inhibition in murine models attenuated allergic in-
flammation and since IL-33 promotes Th2 differentiation and ILC2 expansion, the upregulation of
miR-145 in asthma likely reflects IL-33-driven inflammatory changes that miR-145 itself mediates
[56]. In airway smooth muscle cells, miR-145 regulates proliferation via the EGFR pathway [58],
while IL-33 signalling may additionally contribute to airway remodelling and smooth muscle
hypertrophy in severe asthma.

The microRNA-mediated regulation of TSLP is closely linked to that of IL-33, together
forming a coordinated molecular network that governs the alarmin cascade. The most detailed
experimental evidence for direct microRNA-mediated regulation of TSLP has been obtained for
miR-19b. Ye et al., employing an ovalbumin (OVA)-induced murine model of asthma, demonstrat-
ed that TSLP constitutes a direct target of miR-19b, as confirmed by bioinformatic analyses and
dual-luciferase reporter assays [60].

A fundamentally novel mechanism of indirect TSLP and IL-25 regulation via purinergic
signalling was described by Zhang et al. Microarray profiling of bronchial epithelial microRNAs
identified differentially expressed microRNAs between patients with type 2-high and type 2-low
asthma [61]. miR-206 emerged as the most highly expressed microRNA in the bronchial epithe-
lium of type 2-high asthma relative to type 2-low asthma; however, its levels were reduced in
both subgroups compared to healthy subjects. CD39, an ectonucleotidase responsible for extra-
cellular ATP degradation, was identified as a direct target of miR-206 and exhibited upregulated
expression in asthma. Allergen exposure of cultured human bronchial epithelial cells induced
rapid extracellular ATP accumulation, which was accompanied by downregulation of miR-206
and upregulation of CD39, forming a negative feedback loop directed at the elimination of excess
extracellular ATP [61].
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In vivo studies employing allergic rhinitis models demonstrated that miR-375 enhances
ILC2 function through regulation of TSLP [62]. Although the majority of relevant investigations
have been conducted in allergic rhinitis models, the underlying mechanism retains its significance
for bronchial asthma, given that both conditions engage the same ILC2 and TSLP-dependent
pathways. These findings suggest that miR-375 may potentiate TSLP-dependent ILC2 activation,
thereby representing a potential therapeutic target in upper and lower airway diseases sharing
a common pathogenic mechanism.

A further important aspect concerns the participation of mast cells in TSLP-ILC2 crosstalk.
miR-103a-3p, markedly upregulated in extracellular vesicles (EVs) derived from FceRI-aggregated
mast cells, was shown to enhance IL-5 production by human ILC2s in co-culture experiments,
acting through arginine methylation of GATA3 residues [62]. This mechanism represents an in-
direct pathway whereby mast cells, in response to IgE-mediated signalling, may augment ILC2
function via miRNA-loaded EVs in a manner synergistic with TSLP-mediated priming.

Bioinformatic analysis conducted using the miRNet platform, a set of microRNAs capable
of targeting the IL-33 and TSLP genes in the context of asthma was identified on the basis of
HITS-CLIP, microarray, and RNA-Seq experimental datasets derived from exosomal and periph-
eral blood samples. The analysis revealed 8 microRNAs predicted to regulate IL-33 (hsa-miR-
146a-5p, hsa-miR-9-5p, hsa-miR-148b-3p, hsa-miR-21-3p, hsa-miR-221-5p, hsa-miR-148a-3p,
hsa-miR-152-3p, and hsa-miR-34a-5p) and 3 microRNAs predicted to regulate TSLP (hsa-miR-
34a-5p, hsa-let-7b-5p, and hsa-miR-155-5p). Notably, hsa-miR-34a-5p was identified as a shared
regulatory target of both genes simultaneously (Figure 2).

Figure 2. MicroRNA-target gene interaction network for IL-33 and TSLP in asthma
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Figure 3. Epigenetic regulation of the IL-33/TSLP axis by microRNAs
in bronchial asthma (https://app.biorender.com)

Viruses and Epigenetic Regulation of Asthma

Viral infections are closely associated with epigenetic mechanisms that can alter both the
intensity and character of the host inflammatory response. Such mechanisms include DNA meth-
ylation, histone modifications, and non-coding RNA-mediated regulation; viruses are capable of
exploiting these processes to attenuate innate and adaptive immunity and thereby modify the
course of inflammation [63].

Epigenetic regulation is of particular importance because inflammatory activity depends
not solely on the genetic programme of the cell, but also on the accessibility of chromatin regions
for transcription. During viral infection, this can result either in the suppression of antiviral genes
or, conversely, in the sustained hyperactivation of inflammatory pathways. Consequently, the
inflammatory response may become either insufficient — thereby facilitating viral persistence
— or excessive, leading to amplified tissue injury [63, 64].

Respiratory viruses, including coronaviruses and influenza viruses, exemplify this phe-
nomenon, as they can influence antigen presentation and immune response regulation through
alterations in DNA methylation and histone modifications. Such epigenetic shifts modify the ex-
pression of genes involved in inflammation and may contribute to more severe disease courses
[63].

Herpesviruses also actively interact with the host epigenome. In the context of human cy-
tomegalovirus (HCMV) and Epstein-Barr virus (EBV) infection, viral and cellular proteins engage
chromatin-modifying complexes, influencing viral latency, reactivation, and the inflammatory
background of infection. This is of particular relevance in chronic infections, wherein prolonged
inflammation sustains tissue damage and may increase the risk of complications [63, 64].
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From a translational perspective, elucidating these processes opens avenues for epigenetically
targeted therapy. The conceptual basis of such an approach involves acting upon chromatin-reg-
ulatory enzymes to correct virus-induced inflammation, attenuate viral replication, and reduce
pathological inflammatory activity. This strategy is regarded as a promising therapeutic direction
for a number of viral diseases, including HIV, HCMV, HBV, HCV, and herpesvirus infections [64].

Viral infections are capable of inducing epigenetic alterations in airway epithelial cells,
including disruption of DNA methylation patterns and changes in microRNA expression profiles.
These processes lead to upregulated expression of pro-inflammatory genes and activation of IL-33/
TSLP-dependent Th2 inflammation. Virus-induced alterations in miRNA profiles further amplify
the production of IL-4, IL-5, and IL-13, sustaining chronic airway inflammation and remodelling
in asthma. Moreover, virus-induced epigenetic mechanisms may impair epithelial barrier function
and heighten airway susceptibility to allergens and infectious agents [65, 66,67,68].

In viral infections, the inflammatory response is mainly shaped by the balance among Th1,
Th2, and other immune pathways, with microRNAs serving an important regulatory role. Among
the microRNAs most relevant to Th2 immunity are miR-21, miR-27, and miR-128: elevated miR-
21 promotes Th2 differentiation, whereas miR-27 and miR-128 inhibit the production of the Th2
cytokines IL-4 and IL-5 by activated CD4+ T cells. This implies that viruses may indirectly affect
allergic or anti-inflammatory immune responses by changing microRNA expression patterns [69].

Virus-induced inflammation is also associated with activation of Toll-like receptor (TLR)
signalling, which triggers the expression of several microRNAs that regulate the duration and
intensity of the inflammatory response. Among these, miR-155 amplifies the pro-inflammatory
response, while miR-146a, miR-132, miR-9, miR-21, and miR-147 participate in its attenuation
or transition to an anti-inflammatory phase. In the context of Th2 immunity, alterations in the
levels of these microRNAs may shift the immunological balance towards more pronounced in-
flammation or, alternatively, towards a more controlled response [69].

Viral infections, including SARS-CoV-2, are capable of inducing epigenetic changes in air-
way epithelial cells, including disruption of DNA methylation and altered microRNA expression.
These changes result in upregulation of pro-inflammatory gene expression and activation of
[L-33/TSLP-dependent Th2 inflammation. Furthermore, viruses can alter the miRNA profiles of
both epithelial and immune cells, accompanied by increased production of IL-4, IL-5, and IL-13,
thereby sustaining chronic airway inflammation in asthma. In SARS-CoV-2, elevated expression
of IL-33 and TSLP is associated with augmented inflammatory responses, epithelial barrier
disruption, and airway remodelling. Impairment of the antiviral interferon response further
amplifies the activation of IL-33 and TSLP signalling pathways, contributing to the development
of virus-induced asthma exacerbations [70, 71, 72, 73, 74].

In SARS-CoV-2, changes in DNA methylation have also been observed that may influence
the duration and character of airway inflammation. During the acute phase of infection, numerous
differentially methylated regions were identified in SARS-CoV-2 patients: hypomethylated regions
involved genes associated with immune regulation, while hypermethylated regions affected genes
related to epithelial ciliary function. This is of direct relevance to asthma, as disruption of the
epithelial barrier and persistent inflammation may exacerbate bronchial hyperresponsiveness
and impair disease control [64, 75]

For patients with bronchial asthma, SARS-CoV-2 may act as a factor that intensifies the
epigenetic reprogramming of the immune response, rendering inflammation more prolonged or
more severe. Thus, DNA methylation serves as a mechanistic link between SARS-CoV-2 infection
and exacerbation of asthmatic inflammation, particularly in airway tissues.
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Conclusion

Epigenetic mechanisms thus constitute a form of molecular memory of prior viral ex-
posure and may account for inter-individual differences in susceptibility to, and severity of,
bronchial asthma. MicroRNAs and DNA methylation actively participate in the regulation of the
[L-33/TSLP-Th2 inflammatory axis, and dysregulation of these epigenetic marks offers poten-
tial for their application as biomarkers for disease diagnosis and therapeutic monitoring. Given
the pharmacological reversibility of epigenetic modifications, a deeper understanding of these
mechanisms holds direct relevance for the development of targeted therapeutic strategies in
asthma. Nevertheless, the role of epigenetic regulation of the IL-33/TSLP signalling pathway
in the context of respiratory viral infections remains insufficiently characterised and warrants
further investigation.
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Bupycnen 6aiyianbicTbl actmMagarbl IL-33 /TSLP-Th2 ocining,
JAHK MeTuigenyi xxoHe MUKpoPHK peTtrenyi
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123456 )Ka bl GUOJIOTHS KoHEe reHOMHKa Kadepachl,
JL.LH. 'ymunes ateiHgarsl Eypasuda yaTTeiK yHUBepcuTeTi, ActaHa, KazakcraH

AHHOTanuAa. bpoHxX AeMikmeci - reHeTUKaJbIK 6eHiMAiNIK MeH KopliaFaH opTa
dakTOopJIapbIHBIH KYp/eJli e3apa apeKeTTeCyiHeH TYbIHAAWTbIH ThIHBIC a1y YKOJIJapPbIHbIH,
reTeporeH/ii Co3bliiMaJjibl KabbIHY aypybl. Oyiap/iblH, illliH/le pPUHOBUPYC, peCIUPATOPJIbIK
CHUHUUTUAJIbABI BUPYC, TyMay BUPYCHI )koHe SARS-CoV-2 cUAKTBI peciupaTopJiblK BUPYCTHIK
VH}eKLYAIap aCTMaHbIH 6pIIYiHiH Heri3ri ce6ebi FaHa eMec, COHbIMEH KAaTap ThIHbIC a1y
»KOJIAPBIHBIH TYPaKThbl KaObIHYBIHBIH, HeTi3ri pakTopJ/iapbl peTiHze e TaHblIabl. Bupyc
TYJAbIPpAaTbIH UMMYH/bIK peakuusiapaa uHTepaedkud-33 (IL-33) xoHe TUMYC CTpOMaJibAbl
auMdonoatuHiHeH (TSLP) TypaTbiH anuTenni 1abbla 0ci OpTabIK peJ aTKapazbl, 0J1ap/blH,
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6escenainiri Th2 apkblibl KAObIHYABI TYABIPA/ibl, 0y 303MHOPUIb/I UHPUIBTPALMSFA, THIHBIC
aJly »KOJIAAPbIHbIH TUIIEPPEaKTUBTIJIIrIHE }KoHEe OPOHXTAapAbIH KaliTa KYpblJIyblHA 9KeJe|.

Ocbl MaKasIaHbIH, MaKcaThbl — aCTMa naTtoreHesinjeri anureauii naboLi oci IL-33 xkaHe TSLP
MeH 3MUreHeTHKaIbIK Mo uKkanusaap, acipece JHK meTungenyi men MukpoPHK skcnpeccusicel
apacblH/aFbl 6aUJIaHBICTBI 3€PTTEY, aCipece pecCnIupaTOpJibIK BUPYCTHIK UHPEKLUsIapFa 0Cbl
MOJIEKYJIAJIBIK OKUFaIapAblH KO3/AbIPFBIIITAPbl PeTiHAEe epeKlle Ha3ap ayZapy. ThIHbIC any
BUpycTapbiHbIH IL-33 xoHe TSLP-Tayenii curHasn 6epy/li snMreHeTUKAJbIK PETTEYJIep apKbLIbl
MoAy/sLYsAIay MeXaHU3M/Jepi TypaJibl Ka3ipri AaJjieniep KOPbITbIHbLJIAHFaH. JIUTEJNUN
JlabbL1apblH KOATAUTHIH reHaepain JIHK MeTunenyine xxoHe MUKpoPHK apKbLibl peTTenyine
»KoHe 0JIap/iblH CUTHaJI 6epy »KoJ1lapblHa epeKlie Ha3ap ayAapbliajbl. JIUTeHeTUKabIK PeTTeY/AIH
6y3blaybl Th2 TyabIpaThIH KaObIHY/IbIH TYPaKThl JaMyblHa, KAObIHYFa KapChl LUTOKUHAEP/IH,
eH/IipislyiH apTThIpyFa KoHe KallTa/laHAaTblH BUPYCTbIK UHEKIUsIAap MeH UHPEKLUAIBIK,
eMeC TpUrrepJepre ce3iMTa/lbIKTbIH apTyblHa bIKnaJ eTesi. COHbIMeH KaTap, »KMHaKTa/FaH
Janenzaep HakTbl MUKpOPHK-s1ap/ibiH aniuTe Mt Aa0blIbIHBIH 9KCIIPECCUSIChIH PETTEUTIHIH XKoHe
aypy 6eJiceHAi/Iiri MeH TepanusiJIbIK XayanTblH ce3iMTaJl KepceTKilTepi peTiH/e KbI3MeT eTyi
MYMKiH eKeHiH kepceTe/i. TbIHbIC aly BUPYCTaphl, SNUTENNHN Aa0blIjapbl 2KoHE SNUTeHEeTUKaJbIK,
MexXaHHM3M/iep apacblHJaFrbl 63apa 9peKeTTeCy/li aHbIKTay acTMa NaToreHesi TypaJibl xKaHa
TYCiHiKTep 6epefi »koHe MUKpOPHK-HbI nepcneKkTHBasibl JUarHOCTUKAJIBIK XKoHe 00KaM/bIK,
6uoMapKepJiep, COHJIal-aK, 431 MeJUIMHA MEeH MaKCaTThl aCTMa TePaNUsAChI YLIiH 9JieyeTTi
TepanusJbIK HblCaHalap peTiHJe KepceTe/i.

KinT cesaep: 6poHxX AeMikieci, anutenuit nabbviagapsl, [L-33, TSLP, anureHeTuka,
MUKpPOPHK, ThIHBIC a/1y BUpyCTaphl

MeTtuiupoBanue JHK u perynsauusa mukpoPHK ocu IL-33 /TSLP-Th2
IIPHU BUPYC-aCCOLMMPOBAHHOM acTMe

A.Jl. llaxumypaTora’, LLII.CanbsikoBa?, 0.B. Bysirakosa3, A.A.KycannoBa*,
P.U.Bepcum6Gaen®, A.A.ApunoBa*®

123456 Kaghedpa obweli 6uosozuu u 2eHomuku, Eepasutickuii HayuoHabHbIl yHUSepcumem
umeHu JIL.H. I'ymunesa, AcmaHa, KazaxcmaH

AHHOTanuA.bpoHxUanbHasa acTMa 3TO reTeporeHHOe XPOHUYEeCKOe BOCHaJIUTeIbHOe
3aboJieBaHUe AbIXaTeJNbHbIX IyTeW, BOSHUKAOILlee B pe3y/bTaTe CJI0XKHOT0 B3aUMO/leCTBUS
MeX/Jly TeHeTU4eCKOW peJpacnoio)KeHHOCThI0 M paKTopaMU OKpy»arlleil cpegbl. Cpeau HUX
pecnupaTopHble BUPyCHble MHEKIUY, BK/I0Yasi pPUHOBUPYC, peCIUPATOPHO—CHUHIIMTHAJIbHbBIN
BUpyc, BUpyc rpunmna u SARS-CoV-2, npr3sHaHbl He TOJIbKO OCHOBHOW MPUYMHON 060CTPEHUN
acTMbl, HO U OCHOBHbIMHU $paKTOpaMH, CIOCOOCTBYIOUIMMH NOCTOSSHHOMY BOCIaJIEHUIO
AbIXaTeJbHbIX NyTel. LleHTpasbHY10 pOJib B UMMYHHBIX peaKLUAX, BbBI3BAHHBIX BUPYCOM,
UrpaeT 3MUTeNUaTbHas aJlapMUH-CUCTEMA, BKJIto4atouasi MHTepaelkruH-33 (IL-33) u TuMycHbIN
cTpoMaJsibHbI# JMuMonoaTuH (TSLP), akTuBanusa koTopbix Bbi3biBaeT Th2-onocpesoBaHHOe
BOCIIaJIeHHE, TPUBO/AILEE K 303MHOPUIbHON HHPUIBTPALUY, TUIIEPUYBCTBUTEJNbHOCTHU
JbIXaTeJIbHbIX NyTeU U peMoeIMPOBaHHI0 OPOHXOB. llesibio HacTos1ero 063opa ABAsSETCA
M3y4YeHHe B3aMMOCBSI3U MeX/y SIUTeNHa/IbHbIMU alapMUuHaMHu [L-33 u TSLP v snurenetTnyeckumu
MoAUPUKAIIMSAMH, B YacTHOCTU MeTuanpoBanueM JIHK u skcnipeccueit MukpoPHK, B maToreHese
acTMbI, C 0COOBIM aKLEHTOM Ha pecnyMpaTOpHble BUPYCHbIE UHPEKIUU KaK TPUTTEPDI ITUX
MOJIEKYJIIPHBIX COOBITUN. B 0630pe 0606111eHbI COBpeMeHHbIE JaHHble 0 MeXaHHW3MaX, I0CPeICTBOM
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A./Jl. Llaxumypamosa, 1. Canvikosa, O.B. Bynzakosa, A.A. Kycaunoea, PH. bepcumbaes, A.A. Apunosa

KOTOPBIX pecliupaTopHble BUPYCbl MOAYIUPYIOT IL-33- 1 TSLP-3aBrucuMytO Ilepeady CUTHAI0B
yepes anUreHeTU4ecKyto peryiasuu. 0coboe BHUMaHue yaenseTcs MeTuanpoBanuo JJHK u
onocpeoBaHHOU MUKpPOPHK perynsnuu reHoB, KOAUPYIOLIUX SNUTENIHAIbHbIE aJJTADMUHBI, U
VX HWXKECTOSILUX CUTHAJIbHBIX yTel. INUreHeTU4eCKre CO0M MPOBOLUPYIOT XPOHUYECKOE
Th2-BocnaneHnue, noBbilas 4yBCTBUTEJNbHOCTb K MHQEKLMAM U BHEIIHUM TpUrrepam. Posib
MUKpOPHK B perysissuuu snuTesnaabHbIX aJIapMUHOB M03BOJISET UCIIOJIb30BAaTh UX B Ka4yeCTBe
BbICOKOTOYHBIX HHJMKAaTOPOB aKTUBHOCTH 3a60JieBaHUS U OTBETA Ha IPOBOJUMYI0 TepaNHIO.
M3y4yeHne B3aMO/|eICTBUM MeX Y peCIMpaTOPHbIMU BUPYyCaMHU, INUTEMATbHBIMU aJlapMUHAMHU
Y 3MIUreHeTUYEeCKUMHU MeXaHU3MaMH OTKPbIBAaeT HOBbIE ePCIEKTUBBI B TIOHUMaHUU NTaTOreHe3a
acTMbl U BbiiBAsseT MUKpPOPHK kak nepcnekTUBHbIE JUAarHOCTUYECKUE U IPOTHOCTUYECKHE
O6uoMapKephbl, a TAKXKe MOTeHLHa/IbHble TepaleBTUYeCKUe MUILEHH /1JI1 IepCOHAIU3MPOBAHHOU
MeJULUHBI U LleJIeHallpaBJIeHHOU Tepanuy acTMBlI.

KiiloueBble c/10Ba: 6poHXUaIbHAA aCTMa, SNMTe/IMabHble afapMuHbl, IL-33, TSLP,
anureHetrka, MUKpoPHK, peciupaTopHsble BUpyCHI.
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