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Abstract: Acute respiratory infections (ARIs) caused by viruses such as SARS-CoV-2,
influenza viruses, and respiratory syncytial virus (RSV), pose significant global health
challenges, particularly for the elderly and immunocompromised individuals. Substantial
evidence indicates that acute viral infections can manipulate the host’s epigenome through
mechanisms like DNA methylation and histone modifications as part of the immune
response. These epigenetic alterations can persist beyond the acute phase, influencing
long-term immunity and susceptibility to subsequent infections. Post-infection modulation
of the host epigenome may help distinguish infected from uninfected individuals and
predict disease severity. Understanding these interactions is crucial for developing effective
treatments and preventive strategies for viral ARIs. This review highlights the critical role
of epigenetic modifications following viral ARIs in regulating the host’s innate immune
defense mechanisms. We discuss the implications of these modifications for diagnosing,
preventing, and treating viral infections, contributing to the advancement of precision
medicine. Recent studies have identified specific epigenetic changes, such as hyperme-
thylation of interferon-stimulated genes in severe COVID-19 cases, which could serve as
biomarkers for early detection and disease progression. Additionally, epigenetic therapies,
including inhibitors of DNA methyltransferases and histone deacetylases, show promise in
modulating the immune response and improving patient outcomes. Overall, this review
provides valuable insights into the epigenetic landscape of viral ARIs, extending beyond
traditional genetic perspectives. These insights are essential for advancing diagnostic tech-
niques and developing innovative treatments to address the growing threat of emerging
viruses causing ARIs globally.

Keywords: virus; epigenetics; acute respiratory infections; viral ARIs; DNA methylation;
histone modifications; biomarkers

1. Introduction
Viral acute respiratory infections (ARIs) remain a significant global health challenge.

Major viral pathogens responsible for ARIs include influenza viruses, respiratory syncy-
tial virus (RSV), rhinoviruses, and coronaviruses, including the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). ARIs can present with a spectrum of clinical mani-
festations, ranging from mild respiratory discomfort to severe complications, such as acute
respiratory distress syndrome (ARDS), which may result in fatal outcomes. Vulnerable
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populations, including the elderly, children, and immunocompromised individuals, are par-
ticularly susceptible to severe outcomes associated with ARIs. In recent decades, epigenetic
studies have provided crucial insights into the molecular mechanisms governing host–
pathogen interactions, emerging as a promising field for the development of therapeutic
and diagnostic tools against ARIs [1,2].

The term epigenetics refers to heritable changes in gene expression that arise from mod-
ifications to chromatin structure without altering the underlying DNA sequence. Epigenetic
mechanisms play a crucial role in modulating immune responses to viral infections [3,4].
Among the most studied epigenetic processes are DNA methylation, chromatin remod-
eling, histone modifications, and non-coding RNA-mediated regulation, all of which are
integral components of cellular regulatory networks. These processes are often exploited
by pathogens to evade host defenses. For example, hypermethylation of interferon-related
genes in host cells has been associated with increased vulnerability to respiratory viruses,
such as influenza and SARS-CoV-2. This hypermethylation suppresses the expression
of antiviral genes, compromising the host’s immune defenses and facilitating viral per-
sistence [5]. Post-translational modifications of core histones, such as acetylation and
methylation, play critical roles in regulating gene expression. Viruses can exploit these
modifications to alter host gene expression in ways that enhance viral survival and dampen
the host’s antiviral immune response [6,7]. Similarly, epigenetic mechanisms regulated
by non-coding RNAs (ncRNAs), including microRNAs (miRNAs), and long non-coding
RNAs (lncRNAs), have emerged as crucial post-transcriptional regulators of ARIs [8,9].
Recent studies have demonstrated how viruses such as SARS-CoV-2, influenza, and RSV
reprogram the host epigenome to evade immune surveillance and enhance viral replication
through these mechanisms [10,11]. Specific alterations in DNA methylation of immunity-
related genes in SARS-CoV-2-infected hosts have been reported, potentially suppressing the
immune response via epigenetic modifications [12]. Likewise, studies on RSV and influenza
reveal that these viruses can induce histone modifications, leading to the downregulation
of antiviral genes and facilitating viral persistence and reproduction [13]. In addition to
influencing the acute immune responses, viral modulation of the host epigenome can also
alter immune memory such that it modulates the host’s susceptibility to reinfection or
co-infection with other pathogens. This highlights the profound impact of viral epigenetic
reprogramming on both immediate and long-term host immune defenses.

In this review, we comprehensively examine the mechanisms of epigenetic modulation
involved in viral ARIs and their impact on the dynamics of the immune response. We
explore how viral infections influence the host epigenome, with a particular focus on
their roles in disease progression and immune defense. Furthermore, we discuss both
current and potential applications of epigenetic insights along with existing limitations and
challenges in diagnostics and therapeutics of viral ARIs. Overall, this review provides a
thorough exploration of epigenetic modulation in the context of viral ARIs and underscores
how recent advances in epigenetics can form the basis for innovative strategies to combat
respiratory viral infections, offering novel perspectives on their diagnosis and treatment.

2. Mechanisms of Epigenetic Regulation in Viral ARIs
2.1. DNA Methylation: Role in Viral Infection and Immune Response

DNA methylation, the covalent addition of methyl groups to cytosine residues within
CpG dinucleotides, represents a crucial epigenetic mechanism regulating gene expression
without altering the underlying DNA sequence. This modification generally suppresses
gene transcription, particularly when located in promoter regions [14]. Respiratory viruses,
such as SARS-CoV-2, RSV, and influenza A virus (IAV), have evolved strategies to manip-
ulate host DNA methylation patterns. By modulating these epigenetic landscapes, these
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viruses can effectively influence host immune responses, promoting viral persistence and
evasion of host immune defenses [15,16].

Recent studies reveal that SARS-CoV-2 and RSV infections significantly alter the host’s
DNA methylation landscape to evade immune defenses and promote viral persistence.
SARS-CoV-2 induces hypermethylation of interferon-stimulated gene (ISG) promoters, sup-
pressing antiviral responses and enhancing viral replication [17,18]. It also hypermethylates
genes involved in antigen presentation, such as MHC class I and II, impairing the host’s
ability to recognize and eliminate infected cells [19,20]. Similarly, RSV exploits promoter
hypermethylation of pro-inflammatory cytokine genes including interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-α), reducing their expression and dampening immune
responses to support viral replication [21,22]. IAV has also been observed to manipulate
host DNA methylation by upregulating DNA methyltransferases (DNMTs), particularly
DNMT1, leading to hypermethylation of antiviral genes, including interferon-stimulated
genes (ISGs). This suppresses innate immune responses and enhances viral replication [23].
The viral NS1 protein may further recruit DNMTs to the promoters of immune-related
genes, creating hypermethylated, transcriptionally repressive regions that enhance viral
persistence by reducing interferon signaling [24]. These findings underscore the thera-
peutic potential of DNMT inhibitors to restore antiviral gene expression and highlight
DNA methylation profiling as a biomarker for identifying individuals at higher risk of
severe infection outcomes [25,26]. Together with SARS-CoV-2 and RSV, respiratory viruses
demonstrate sophisticated strategies to modulate host DNA methylation, shaping immune
responses to facilitate viral survival and replication, offering valuable insights into viral
pathogenesis and epigenetic-based therapies.

2.2. Histone Modifications: Mechanisms and Implications in ARIs

Viruses have evolved sophisticated mechanisms to manipulate host histone modifi-
cations, enabling them to evade immune responses, optimize replication conditions, and
ensure survival within host cells. Histone acetylation, methylation, and deacetylation
are primary targets for viral strategies, with each modification playing a distinct role in
immune suppression. By manipulating these epigenetic changes and altering chromatin
structure and gene accessibility, viruses reprogram host defenses to support their replication
and survival.

Histone acetylation, a key regulator of active gene transcription [27], is frequently
targeted by viral proteins. For instance, IAV’s NS1 protein inhibits histone acetyltransferases
(HATs), reducing histone H3 and H4 acetylation to suppress antiviral genes [28]. Similarly,
RSV decreases histone acetylation by driving histone deacetylase 2 (HDAC2) expression,
at interferon-stimulated gene (ISG) promoters, thereby weakening the host’s antiviral
response and promoting viral replication [29]. Viruses also exploit histone methylation, a
process that can either activate or repress gene expression depending on the specific amino
acid residue undergoing methylation [30]. SARS-CoV-2 enhances repressive H3K27me3
methylation at antiviral gene promoters, downregulating their expression to promote viral
replication [31]. Histone deacetylases (HDACs) facilitate the removal of acetyl groups
from histone proteins, causing chromatin to condense and resulting in the suppression of
transcriptional activity. Viruses often exploit HDACs to silence immune genes, thereby
ensuring their survival [32,33]. For example, the HIV Tat protein recruits HDAC1 to
antiviral gene promoters, thereby repressing immune gene expression and promoting
persistent viral infection [34]. Furthermore, HDAC6 has been implicated in regulating the
innate immune response during infection, and studies indicate that inhibiting HDAC6 may
enhance antiviral immunity [35,36]. These findings highlight the therapeutic potential of
targeting HDACs to counter viral immune evasion strategies.
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Different viruses exhibit unique strategies in manipulating host histone modifications,
which may correlate with their pathogenicity and virulence. For instance, highly pathogenic
strains such as H5N1 avian influenza and MERS-CoV enhance repressive H3K27me3
marks while decreasing the activating H3K4me3 marks at ISGs, limiting immune gene
expression and promoting immune evasion [37]. In contrast, H1N1 and SARS-CoV increase
H3K4me3 and decrease H3K27me3, enhancing ISG expression and facilitating a more
balanced interaction with the host’s immune system [31,37]. These patterns of epigenetic
modifications reflect the distinct virulence strategies of each virus, highlighting the potential
for targeted therapeutic interventions.

2.3. Exploitation of Chromatin Remodeling Complexes: Mechanisms and Implications

Chromatin remodeling is a pivotal epigenetic process that modulates gene accessibility
by dynamically altering the chromatin structure, thereby regulating transcriptional activity.
This highly coordinated reconfiguration of chromatin by large multimeric complexes is
indispensable for various cellular processes, including immune responses, particularly
during viral infections such as those caused by SARS-CoV-2, influenza, and RSV. Chromatin
remodeling complexes, such as SWI/SNF, ISWI (Imitation SWI), chromodomain helicase
DNA-binding (CHD), and INO80, utilize the energy derived from ATP hydrolysis to
rearrange nucleosomes, allowing controlled DNA access for transcription machinery. This
process modulates the accessibility of specific DNA regions to the transcriptional machinery,
thereby enabling precise activation or repression of immune-related genes, empowering
the host to trigger an antiviral response [38–40].

Respiratory viruses manipulate chromatin remodeling to modulate host gene expres-
sion, evade immune defenses, and enhance viral replication. SARS-CoV-2, for instance,
targets the SWI/SNF complex, a key activator of immune-related genes. By inducing
suppressive chromatin states around ISGs, SARS-CoV-2 impairs antiviral signaling path-
ways, weakening innate immunity and creating a favorable environment for viral replica-
tion [41,42]. In SARS-CoV-2 infections, components of the SWI/SNF complex are recruited
to the promoters of immune-related genes, where they act as chromatin silencers [43]. By
establishing suppressive chromatin configurations around pro-inflammatory cytokines,
SARS-CoV-2 dampens antiviral responses, thereby likely facilitating early-stage immune
evasion and potentially worsening disease progression [44]. Similarly, RSV also targets
SWI/SNF complex to repress interferon-driven genes, redirecting the complex away from
antiviral gene loci, thereby improving viral replication efficiency [45].

Beyond its immediate role in modulating immune responses, chromatin remodeling
during viral infections can have lasting effects on immune memory [46]. Persistent suppres-
sion of immune genes through altered chromatin remodeling can contribute to immune
exhaustion, a condition characterized by diminished activity and responsiveness of im-
mune cells during subsequent encounters with pathogens [47–49]. In a mouse model of
influenza infection, prolonged chromatin-mediated repression of immune gene expression
was associated with impaired adaptive immunity upon re-exposure to the virus. This weak-
ened immune response heightened susceptibility to secondary infections, such as bacterial
superinfections, which are common complications of viral ARIs [50,51]. These findings
underscore the dual impact of chromatin remodeling in shaping both the immediate and
long-term dynamics of the host immune defense.

2.4. Non-Coding RNAs: Roles of MicroRNAs and Long Non-Coding RNAs in ARIs

Non-coding RNAs (ncRNAs), including miRNAs, and lncRNAs, have emerged as
crucial regulators of innate immunity, exerting significant effects on host responses to
viral infections at the epigenetic level. These ncRNAs modulate immune responses by
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either promoting or suppressing viral replication, depending on their interactions with
specific cellular pathways. They achieve this by recruiting histone-modifying proteins,
blocking the binding of transcription factors, or directly targeting viral genes. Through
these mechanisms, ncRNAs play a crucial role in maintaining the intricate balance between
viral evasion strategies and host immune defenses [52,53]. MicroRNAs are short, non-
coding RNA molecules, usually 21–23 nucleotides long, that regulate gene expression by
binding to complementary sequences on target mRNAs, leading to their degradation or
translational suppression [54]. In ARIs, miRNAs play a pivotal role in immune regulation
by modulating pathways involved in interferon signaling, cytokine production, and an-
tiviral gene expression. For example, miR-155 is often upregulated during viral infections,
where it plays a critical role in regulating immune genes and thereby enhancing the host’s
antiviral response [55]. Respiratory viruses, including influenza and SARS-CoV-2, actively
exploit host miRNAs to facilitate their survival and replication. SARS-CoV-2 infection,
for instance, alters the expression of specific miRNAs to weaken immune responses. It
has been observed that SARS-CoV-2 upregulates miR-146a, a miRNA that represses pro-
inflammatory signaling pathways, effectively dampening immune activation and allowing
the virus to replicate with reduced resistance. Similarly, SARS-CoV-2 upregulates miR-21,
which inhibits the activity of ISGs that are critical for antiviral defense mechanisms [56,57].
Other respiratory viruses, such as the influenza virus, also employ miRNAs to suppress
ISG activity, thereby facilitating viral replication and delaying immune recognition [58,59].
These viral strategies, involving miRNA modulation, exemplify a common mechanism by
which respiratory viruses subvert host immunity to establish infection.

Long non-coding RNAs (lncRNAs), typically exceeding 200 nucleotides in length, play
critical roles in chromatin remodeling, gene transcription, and immune signaling. They act
as molecular scaffolds, decoys, and guides for various molecules, influencing a wide range
of cellular processes [60]. In recent years, lncRNAs have gained increasing recognition
for their involvement in antiviral immune responses, particularly in the modulation of
immune signaling pathways during viral infections [61]. In the context of SARS-CoV-
2 infection, several specific lncRNAs are upregulated to modulate immune functions.
NEAT1, a well-studied lncRNA, is highly expressed in SARS-CoV-2-infected cells and
promotes the formation of paraspeckles, subnuclear structures that may be involved in
cytokine regulation. NEAT1’s activity in these cells may help control immune signaling by
sequestering immune-related molecules, thereby indirectly influencing cytokine production
during infection [55,62,63].

3. Epigenetic Regulation of Innate Immune Responses and Viral Immune
Evasion

Innate immune cells possess sophisticated mechanisms to detect harmful pathogens,
including viruses, and play a crucial role in initiating protective immunity as the body’s first
line of defense. These mechanisms, regulated at various levels through epigenetic controls,
quickly trigger immune responses during viral ARIs. Pattern recognition receptors (PRRs)
in various immune and non-immune cells, such as monocytes, dendritic cells, NK cells,
and epithelial cells, identify conserved microbial patterns to detect viral infections [64].
Unlike the antigen-specific receptors on T and B cells, PRRs—such as Toll-like, RIG-I-like,
NOD-like, AIM2-like, and C-type lectin receptors—function at cell surfaces or within cells
to sense pathogens [65–68] (Figure 1).
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Figure 1. Epigenetic regulation of innate immune defense in response to respiratory viral infec-
tions: This schematic illustrates the mechanisms of innate immune defense pathways and their reg-
ulation by epigenetic modifications during acute respiratory viral infections. Toll-like receptors 
(TLRs) at the cell membrane and within endosomes detect pathogen-associated molecular patterns 
(PAMPs), with TLR2/4 responding to viral proteins and endosomal TLR3, TLR7/8, and TLR9 recog-
nizing viral dsRNA, ssRNA, and CpG DNA, respectively. These receptors activate adaptor proteins 
such as MyD88 and TRIF, triggering NF-κB and IRF3/7 signaling pathways that drive the produc-
tion of pro-inflammatory cytokines and type I interferons (IFN-α/β). In the cytosol, RIG-I-like re-
ceptors (RLRs), including RIG-I and MDA5, detect viral RNA and signal through mitochondrial 
antiviral signaling protein (MAVS) to activate NF-κB and IRFs. NOD-like receptors (NLRs) such as 
NOD1 and NOD2 sense bacterial and viral components, promoting NF-κB activation and RNA deg-
radation via OAS2 and RNase L, while absent in melanoma 2-like receptors (ALRs) like AIM2 detect 
viral dsDNA, forming inflammasomes that activate IL-1β and IL-18. Epigenetic regulation in the 
nucleus modulates these immune responses, with DNA methylation suppressing PRR gene expres-
sion, histone acetylation (e.g., H3K27ac) enhancing gene expression, and miRNAs interfering with 
pathways like NF-κB (Created with BioRender.com). 

3.1. Toll-like Receptors (TLRs) 

TLRs are key PRRs involved in detecting pathogen-associated molecular patterns 
(PAMPs) from viruses, bacteria, and fungi. TLRs initiate antiviral immune responses by 
producing cytokines and chemokines. Various TLRs (e.g., TLR2/1, TLR2/6, TLR3, TLR4, 
TLR5, TLR7, TLR8, TLR9, and TLR11) are localized to the cell membrane or endosomes to 
recognize bacterial and viral molecules like lipopeptides, lipopolysaccharides, flagellin, 
DNA, and RNA via a conserved leucine-rich repeat (LRR) structure linked to an intracel-
lular Toll/IL-1 receptor (TIR) domain [69,70]. Human TLRs sensing viral nucleic acids, 

Figure 1. Epigenetic regulation of innate immune defense in response to respiratory viral in-
fections: This schematic illustrates the mechanisms of innate immune defense pathways and their
regulation by epigenetic modifications during acute respiratory viral infections. Toll-like receptors
(TLRs) at the cell membrane and within endosomes detect pathogen-associated molecular patterns
(PAMPs), with TLR2/4 responding to viral proteins and endosomal TLR3, TLR7/8, and TLR9 recog-
nizing viral dsRNA, ssRNA, and CpG DNA, respectively. These receptors activate adaptor proteins
such as MyD88 and TRIF, triggering NF-κB and IRF3/7 signaling pathways that drive the production
of pro-inflammatory cytokines and type I interferons (IFN-α/β). In the cytosol, RIG-I-like receptors
(RLRs), including RIG-I and MDA5, detect viral RNA and signal through mitochondrial antiviral
signaling protein (MAVS) to activate NF-κB and IRFs. NOD-like receptors (NLRs) such as NOD1 and
NOD2 sense bacterial and viral components, promoting NF-κB activation and RNA degradation via
OAS2 and RNase L, while absent in melanoma 2-like receptors (ALRs) like AIM2 detect viral dsDNA,
forming inflammasomes that activate IL-1β and IL-18. Epigenetic regulation in the nucleus modu-
lates these immune responses, with DNA methylation suppressing PRR gene expression, histone
acetylation (e.g., H3K27ac) enhancing gene expression, and miRNAs interfering with pathways like
NF-κB (Created with BioRender.com).

3.1. Toll-like Receptors (TLRs)

TLRs are key PRRs involved in detecting pathogen-associated molecular patterns
(PAMPs) from viruses, bacteria, and fungi. TLRs initiate antiviral immune responses by
producing cytokines and chemokines. Various TLRs (e.g., TLR2/1, TLR2/6, TLR3, TLR4,
TLR5, TLR7, TLR8, TLR9, and TLR11) are localized to the cell membrane or endosomes
to recognize bacterial and viral molecules like lipopeptides, lipopolysaccharides, flagellin,
DNA, and RNA via a conserved leucine-rich repeat (LRR) structure linked to an intracel-
lular Toll/IL-1 receptor (TIR) domain [69,70]. Human TLRs sensing viral nucleic acids,
such as TLR3, TLR7, TLR8, and TLR9, are primarily located in endosomes, while those
targeting bacterial components reside on the cell membrane. TLR3 recognizes viral dsRNA
through the TRIF adaptor, TLR7 and TLR8 detect ssRNA via MyD88, and TLR9 identifies

BioRender.com


Pathogens 2025, 14, 129 7 of 41

unmethylated CpG DNA [71]. Additionally, viral proteins activate inflammatory responses
through TLR2 and TLR4. Emerging RNA viruses, including SARS-CoV, MERS-CoV, and
SARS-CoV-2, are recognized by TLR2, TLR3, TLR4, TLR7, TLR8, and other PRRs, leading
to immune activation [72]. TLR activation depends on adaptor proteins like MyD88 (used
by all TLRs except TLR3) and TRIF (specific to TLR3 and TLR4). Additional adaptors,
such as TIRAP, TRAM, and SARM, also contribute to TLR signaling. This activation trig-
gers intracellular pathways, including NF-κB, MAPK, and interferon regulatory factor 3
(IRF3), culminating in the production of proinflammatory cytokines and type I interferons
essential for antiviral immunity [68,73,74].

3.2. RIG-I-like Receptors (RLRs)

Cells utilize not only TLRs but also RLRs to detect viral RNA and initiate antiviral
responses, which are crucial for interferon (IFN) production during RNA virus infections.
The RLR family includes RIG-I, MDA5, and LGP2, all featuring a helicase domain and a C-
terminal domain (CTD) for viral RNA binding. RIG-I and MDA5, unlike LGP2, also possess
caspase activation and recruitment domains (CARDs) that interact with the adaptor protein
MAVS. This interaction with MAVS activates downstream signaling proteins, including
TRAF3/6 and IKK family members (IKKε, IKKα/β, and TBK1), culminating in IRF-3/7
and NF-κB activation, which drive IFN production and pro-inflammatory responses [75,76].
RIG-I recognizes viral RNA with a 5′-triphosphate or 5′-diphosphate group and a panhan-
dle double-stranded structure. Upon RNA binding, RIG-I utilizes ATP to release its CARDs,
which subsequently interact with MAVS on mitochondria. This interaction triggers the
formation of filamentous RIG-I structures along the RNA, allowing the CARD domains
to adopt a helical configuration that facilitates MAVS recruitment of additional signaling
proteins to initiate the antiviral response [76,77]. Knockout (KO) studies have revealed
RIG-I’s critical role in viral detection across diverse cell types [78]. However, MDA5 spe-
cializes in recognizing longer dsRNAs and plays a vital role in detecting viruses from the
Picornaviridae family, as evidenced by MDA5-KO mouse studies, though it can recognize
other viral species as well [79].

LGP2, a member of the RLR family, shares structural similarity with RIG-I and MDA5
but lacks CARDs, preventing it from directly initiating signaling through MAVS. This
distinction sets LGP2 apart functionally, as it primarily acts as a modulator of the RLR
pathway, influencing IFN production and other immune responses by either enhancing
or suppressing antiviral signaling. LGP2 plays a crucial role in MDA5-dependent recogni-
tion of picornaviruses, such as encephalomyocarditis virus (EMCV) [76,80]. Additionally,
LGP2 contributes to regulating RNA interference by interacting with Dicer, an essential
enzyme for miRNA processing, suggesting a potential role in indirectly modulating an-
tiviral gene expression. LGP2 can also bind to the transactivation response RNA-binding
protein (TRBP), which is a positive regulator of Dicer activity, thereby affecting miRNA
maturation. Through these interactions, LGP2 influences gene expression and promotes
caspase-dependent apoptosis under certain conditions [81,82]. In the context of West Nile
virus (WNV) infection, LGP2 plays a vital role in CD8+ T-cell survival and functionality,
though it does not directly participate in MAVS-mediated IFN production [83]. These
results emphasize the multifaceted roles of LGP2 in antiviral immunity and underscore the
importance of further investigation to clarify its broader roles.

3.3. NOD-like Receptors (NLRs)

NOD-like receptors (NLRs), part of the nucleotide-binding domain and leucine-rich
repeat (NBD-LRR) family, serve as essential cytosolic pattern recognition receptors in the
host’s antiviral immune response. Among the regulatory NLRs, NOD1 and NOD2 enhance
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pro-inflammatory pathways by forming a multiprotein complex called the NODosome,
which significantly influences interferon (IFN) production and NF-κB signaling pathways
in response to viral infections [84,85].

NOD1 regulates antiviral responses against specific single-stranded RNA viruses, such
as hepatitis C virus, and double-stranded DNA viruses, such as human cytomegalovirus
(CMV). However, NOD1 does not universally detect all viruses, as it fails to sense single-
stranded RNA viruses like vesicular stomatitis virus (VSV) and RSV. NOD1 enhances
MDA5/MAVS-mediated immune signaling pathways, and this interaction is crucial for
robust innate antiviral responses. Notably, MDA5’s ability to bind viral RNA in collabora-
tion with NOD1 is conserved across species. Furthermore, the activation of NOD1 in lung
epithelial cells by agonists such as TriDAP induces an antiviral state, effectively inhibiting
SARS-CoV-2 replication [86].

NOD2, a cytosolic pattern recognition receptor, is significantly upregulated in the
host’s transcriptional response to various pathogens. It is predominantly expressed in
macrophages, neutrophils, dendritic cells, and bronchial epithelial cells, where it recognizes
components from both bacterial and viral pathogens. Upon recognition of these microbial
components, NOD2 activates NF-κB signaling, leading to the transcription of numerous
innate immune response genes involved in pathogen defense. Studies have demonstrated
that NOD2 detects several respiratory bacteria and recognizes RSV’s single-stranded RNA.
This recognition activates the interferon regulatory factor 3 (IRF3) signaling pathway, which
is crucial for antiviral immunity. Furthermore, NOD2 interacts with 2′,5′-oligoadenylate
synthetase type 2 (OAS2), facilitating the activation of RNase L, which degrades viral
RNA, thereby limiting viral replication. In addition to its role in pathogen recognition,
NOD2 signaling relies on receptor-interacting serine-threonine kinase 2 (RIPK2), a critical
adaptor protein in the NLR signaling pathway. RIPK2 is upregulated during infections and
plays an essential role in activating both the NF-κB and MAPK signaling pathways, which
drive pro-inflammatory gene expression. Additionally, RIPK2 contributes to apoptosis, an
essential process in the elimination of infected cells, further highlighting its importance in
innate immune responses [87,88].

3.4. Absent in Melanoma 2 (AIM2)-like Receptors (ALRs)

Absent in melanoma 2 (AIM2)-like receptors (ALRs) are a family of PRRs that detect
intracellular dsDNA via their HIN-200 domain, which directly binds to DNA. Their pyrin
domain (PYD) interacts with the adaptor protein ASC, facilitating inflammasome assembly,
which triggers the proteolytic activation of pro-inflammatory cytokines such as IL-1β and
IL-18 [89]. Among ALRs, IFI16 is predominantly expressed in vascular endothelial cells,
keratinocytes, and hematopoietic cells. Upon sensing foreign DNA, IFI16 translocates from
the nucleus to the cytoplasm. There, it promotes type I interferon (IFN) production, the
release of inflammatory cytokines, and programmed cell death. Notably, IFI16 stabilizes
cyclic GMP-AMP synthase (cGAS) activity, enhancing its interaction with viral DNA.
This leads to the activation of the STING pathway, which in turn triggers IRF3-mediated
production of IFN-β during viral infections [90,91]. Interestingly, IFI16 has been detected
within HCMV virions during their egress and in the cytoplasm of Kaposi’s sarcoma-
associated herpesvirus (KSHV)-infected cells, where it is packaged into exosomes and
subsequently released extracellularly. Emerging evidence suggests that extracellular IFI16
has significant pro-inflammatory activity. Specifically, it induces cytokine secretion in
endothelial cells through a MyD88-dependent Toll-like receptor (TLR) pathway. This
results in the release of pro-inflammatory mediators, including IL-6, IL-8, CCL2, CCL5, and
CCL20 [92–95].
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3.5. C-Type Lectin Receptors (CLRs)

Innate immune cells, such as monocytes, macrophages, dendritic cells (DCs), and
Langerhans cells (LCs), express C-type lectin receptors (CLRs), a class of PRRs. CLRs are
typically classified into two major groups, namely Group I, which includes the mannose
receptor family, and Group II, which comprises receptors such as Dectin-1 (CLEC7A) and
DCIR (CLEC4A). These receptors often contain specific signaling motifs like immunore-
ceptor tyrosine-based activation motifs (ITAMs) or inhibitory motifs (ITIMs). However,
some CLRs, including DC-SIGN (CD209) and DEC-205, lack these signaling motifs [96–98].
CLRs recognize carbohydrate structures via conserved carbohydrate recognition domains
(CRDs) in a calcium-dependent manner, which is crucial for pathogen detection and bind-
ing. This recognition facilitates high-affinity ligand interaction, leading to internalization
and subsequent pathogen degradation. Degradation frequently occurs through lysoso-
mal pathways, as exemplified by DC-SIGN and DEC-205, or through autophagy, as seen
with langerin [96,98]. The functional outcomes of CLR-mediated pathogen recognition are
influenced by the specific CLR and the type of innate immune cell involved.

In viral infections, CLRs exhibit diverse roles, with some receptors promoting antivi-
ral defenses through signaling and pathogen degradation, while others are hijacked by
viruses to facilitate replication or evade immune detection. For instance, DC-SIGN mediates
endocytosis of HIV-1, facilitating viral dissemination, while MDL-1 (CLEC5A) induces
pro-inflammatory responses during Dengue virus infection. Certain CLRs, such as BDCA-2
and DCIR, suppress type I IFN responses, critical for robust antiviral immunity. DC-SIGN
and its homolog L-SIGN enhance infection by viruses like SARS-CoV-2 and HIV-1. Upon
HIV-1 binding to DC-SIGN, signaling pathways modulate TLR-mediated responses. The
degradation of HIV-1 in endosomes triggers TLR8-dependent NF-κB activation, driving
transcription of integrated viral DNA. Moreover, DC-SIGN mediates NF-κB phosphoryla-
tion, promoting HIV-1 protein production and replication, while simultaneously inhibiting
type I IFN responses. This immune evasion strategy is shared by viruses such as measles
virus (MV), which disrupts RIG-I and MDA5 activation through phosphatase inhibition.
Additionally, CLRs such as the mannose receptor (MR) and langerin engage with shared
signaling pathways, including lymphocyte-specific protein 1 (LSP1). The MR inhibits TLR4-
induced IL-12 production, while ITIM-bearing receptors like DCIR and MICL suppress
IL-12 secretion [97,99].

DCIR, found on macrophages and dendritic cells, exerts an inhibitory effect on the im-
mune response by reducing the production of pro-inflammatory cytokines, including IL-1β
and IL-6, when triggered by CpG-ODN stimulation. Although DCIR reduces IFNα produc-
tion, it sustains type I IFN signaling, as evidenced by diminished STAT1 phosphorylation
in DCIR-deficient dendritic cells during Mycobacterium tuberculosis infection. This suggests
DCIR is involved in maintaining STAT1 activity and type I IFN signaling. Additionally,
DCIR suppresses IL12p70 production and impairs TH1 differentiation, although these
effects vary depending on the dendritic cell subset and the pathogen. The role of DCIR in
modulating type I IFN responses during viral infections in humans remains unclear. In
humans, DCIR facilitates HIV-1 capture and dissemination, promoting viral replication
and entry, particularly by upregulating its expression on T cells. In mice, DCIR enables the
internalization of Chikungunya virus and appears to play a protective role during infection,
illustrating its context-dependent functionality. However, whether DCIR acts as a pattern
recognition receptor (PRR) to enhance type I IFN signaling in these contexts remains to be
conclusively demonstrated [96,98].

BDCA-2 (CLEC4C or CD303), a C-type lectin receptor primarily expressed on plas-
macytoid dendritic cells (pDCs), serves as a key marker for these cells [100]. Activation of
BDCA-2 by stimuli such as CpG oligonucleotides, Influenza virus, or DNA-autoantibody
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complexes suppresses type I IFN responses in pDCs. Crosslinking BDCA-2 with specific
antibodies inhibits type I IFN and pro-inflammatory cytokine production downstream
of TLR7 and TLR9 activation. Additionally, BDCA-2 interacts with the Hepatitis C Virus
(HCV) glycoprotein E2, further suppressing type I IFN responses. This inhibition occurs
through interference with TLR signaling pathways, including the prevention of MyD88
recruitment, which blocks TLR-mediated IL-6 production [101,102].

Myeloid-expressed CLRs detect viral glycoproteins, initiating protective immune re-
sponses such as viral uptake, degradation, and antigen presentation. For example, CD207
(langerin) on Langerhans cells binds HIV glycoproteins, facilitating their degradation via a
TRIM5α-dependent autophagy pathway. This process transfers antigens to dendritic cells,
enabling cross-presentation and subsequent activation of protective T cell responses [103].
Similarly, CLEC9A promotes cross-presentation through phagosomal rupture, which is cru-
cial for controlling infections caused by herpes simplex virus and vaccinia virus [104,105].
In addition to their role in cellular immunity, CLRs contribute to complement-mediated
pathogen clearance. The complement system, activated through classical, lectin, or alter-
native pathways, leads to the deposition of C3b on pathogens, enhancing opsonization
and phagocytosis. The soluble CLR mannose-binding lectin (MBL) binds carbohydrate
structures like mannose and fucose on pathogens, including HIV, dengue virus (DENV),
and SARS-CoV. Acting as an opsonin, MBL triggers complement activation to promote
pathogen clearance [96,106]. However, while MBL binds HIV-1 virions and enhances viral
clearance, its role in HIV pathogenesis remains uncertain. Complement-mediated opsoniza-
tion of HIV-1 can enhance viral uptake by dendritic cells and macrophages, potentially
facilitating viral spread [107].

4. Impact of Viruses Associated with Viral ARIs on Host Epigenome
Epigenetic modifications, critical for maintaining genome stability and cellular func-

tion, are exploited by viruses to regulate key aspects of their life cycle, including replication,
persistence, and transmission [108]. These modifications create a coordinated interaction
between viral and cellular factors, favoring viral gene expression while suppressing host
cellular genes, thereby influencing immune responses and enhancing host cell suscepti-
bility [109]. Here, we explored viruses associated with viral ARIs that induce epigenetic
changes in host cells and their implications in disease progression (Table 1).

Table 1. Epigenetic modifications specific to respiratory viruses, their associated symptoms, and
severity implications.

Respiratory
Virus Epigenetic Modifications Symptoms/Severity Implications Severity of Disease

Influenza A Virus (IAV)

Histone acetylation of NP (Lys-31,
Lys-90 by GCN5/PCAF).
Interaction with HDAC1 (Lys-103
acetylation).
m6A modifications (IFN-β
mRNA stability).

Suppressed interferon responses
lead to moderate symptoms in
mild cases.
Hyperinflammation in severe
cases results in lung damage.

Moderate to severe;
hyperinflammation in

severe cases,
cytokine storms.

Respiratory Syncytial Virus
(RSV)

DNA methylation changes (e.g.,
PRF1 enhancer, NODAL gene).
H3K4 demethylation by KDM5B.
H3K4 methylation by SMYD3
in Tregs.

Weak antiviral responses result in
more severe symptoms in infants
and immunocompromised
individuals.
Excessive inflammation
contributes to respiratory distress.

Severe in infants and
immunocompromised;

chronic airway
remodeling possible.
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Table 1. Cont.

Respiratory
Virus Epigenetic Modifications Symptoms/Severity Implications Severity of Disease

SARS-CoV-2

Histone mimicry by ORF8
(chromatin compaction).
DNA methylation changes (ACE2
gene hypomethylation).

Dysregulated immune responses
cause severe symptoms in
COVID-19.
Cytokine storms and ARDS are
linked to histone
acetylation changes.

Mild to life-threatening;
ARDS and cytokine

storms in severe cases.

Adenovirus

Interaction of protein VII with
host nucleosomes.
Chromatin condensation by
p300-E1A-RB1 complexes.

Moderate respiratory symptoms
due to efficient immune evasion.
Persistent infections may occur in
immunosuppressed individuals.

Moderate; severe
outcomes in

immunocompromised
individuals.

Human Rhinovirus (HRV)
DNA methylation changes at
asthma-related genes (e.g., BAT3,
NEU1).

Prolonged respiratory symptoms
in asthmatics.
Contributes to asthma
progression by altering immune
gene expression.

Mild to severe in
asthmatics; prolonged
symptoms and asthma

exacerbation.

Human Metapneumovirus
(HMPV)

m6A modifications in viral
genome and mRNA.

Enhances viral replication and
gene expression.
Increases infection severity via
pro-viral effects of m6A-binding
proteins.

Moderate to severe;
enhanced replication
and immune evasion
contribute to severity.

4.1. Influenza

Influenza is a persistent respiratory infectious disease in humans, causing
300,000–500,000 fatalities annually worldwide. Following the initial pandemic waves,
influenza viruses transitioned into seasonal infections, driven by antigenic drift result-
ing from the error-prone viral polymerase. This process generates mutations that en-
able the virus to evade immune responses in exposed populations [110]. Reassortment
events between derivatives of the 1918 virus and avian influenza viruses led to the emer-
gence of the H2N2 virus during the 1957 Asian influenza pandemic and the H3N2 virus
during the 1968 Hong Kong pandemic. These viruses, characterized by their eight gene
segments—PB1, PB2, PA, HA, NP, NA, M, and NS—originated from distinct sources. In
1977, the H1N1 “Russian influenza” virus emerged, showing substantial genetic similarity
to H1N1 strains from the early 1950s. Unlike its predecessors, this virus did not replace
the circulating H3N2 virus. However, in 2009, a novel H1N1 virus, originating from swine
and involving reassortment of gene segments from multiple sources, replaced the seasonal
H1N1 virus while H3N2 continued to circulate [111,112]. The replication and evolution of
influenza viruses relies heavily on host factors. While certain host components are essential
for viral replication, restrictive host factors can limit infection. Variability in these host
factors across species drives host-adaptive evolution, shaping the virus’s ability to infect
and persist in new hosts [112].

The IAV’s nucleoprotein (NP) binds to the viral RNA genome, serving a role anal-
ogous to eukaryotic histones binding to DNA. NP undergoes various post-translational
modifications essential for its function. Phosphorylation of NP prevents oligomeriza-
tion, thereby modulating ribonucleoprotein (RNP) activity and viral growth [113,114].
NP also regulates the intracellular localization of RNP and itself through interactions
with importin-α [115,116], with SUMOylation and phosphorylation further controlling its
nuclear-cytoplasmic transport [117,118]. Ubiquitination and deubiquitination of NP also
influence viral genome replication [119,120]. Studies identified acetylation of eight lysine
residues on NP, with three specific sites shown to impact viral replication in HEK293T



Pathogens 2025, 14, 129 12 of 41

cells expressing the cAMP-response element binding protein (CREB) [121]. Hatakeyama
et al. demonstrated that influenza virus nucleoprotein (NP) is acetylated by host acetyl-
transferases GCN5 and PCAF, influencing viral polymerase activity. Mass spectrometry
identified Lys-31 and Lys-90 as acetylation sites, with PCAF and GCN5 exhibiting op-
posing effects on polymerase activity. These findings highlight the regulatory role of NP
acetylation in IAV’s replication [122]. Previous studies show that IAV’s NP interacts with
HDAC1, reducing acetylation at lysine 103, a site critical for viral replication. Mutations
at this site (K103A and K103R) enhanced viral replication, while HDAC1 facilitated NP
nuclear retention and suppressed the TBK1-IRF3 pathway, identifying HDAC1 as a po-
tential antiviral target [123]. The nonstructural protein 1 (NS1) of IAV binds to DNMT3B,
mislocalizing it to the cytosol and preventing the methylation of promoters for JAK-STAT
signaling suppressor genes. This reveals NS1 as a key driver of epigenetic dysregulation,
uncovering a novel mechanism of immune evasion during IAV infection [24].

N (6)-methyladenosine (m(6)A) modification also plays a dual role in regulating host
responses during IAV infection [124,125]. TBK1 enhances METTL3 activity, boosting IRF3
production and antiviral immunity, while METTL3-mediated m6A methylation of IFN-
β mRNA reduces its stability, suppressing type I interferon responses and promoting
viral replication. Depleting METTL3 or YTHDF2 restores IFN-β levels, inhibiting viral
gene expression [126,127]. Additionally, some studies suggest the role of miRNAs in
IAV infection. miRNA profiling in A549 cells infected with H5N1 and H1N1 strains
revealed differential expression, with miR-21-3p notably downregulated. miR-21-3p targets
and represses HDAC8, promoting viral replication and mimicking the effects of HDAC8
knockdown. This suggests that miR-21-3p downregulation is part of the host defense
response to IAV [128].

4.2. Respiratory Syncytial Virus (RSV)

Respiratory syncytial virus (RSV) is one of the major respiratory pathogens and a
primary cause of hospitalizations among infants worldwide. It significantly contributes to
the global burden of acute lower respiratory infections, including bronchiolitis and pneu-
monia, resulting in substantial morbidity and mortality among young children [129]. RSV
induces epigenetic modifications to evade immune responses, affecting critical signaling
pathways in respiratory epithelial cells, such as tyrosine kinase growth factor signaling,
the hexosamine biosynthetic pathway (HBP), and extracellular matrix (ECM) secretion.
These modifications, including chromatin remodeling and increased gene accessibility,
contribute to airway remodeling via TGF-β, ECM, and HBP pathways, potentially leading
to chronic respiratory conditions [130,131]. A study on children under 2 years with RSV
infection revealed that those developing respiratory sequelae had higher proportions of
NK and CD8+ T cells than those who fully recovered. Over 5000 differentially methy-
lated positions (DMPs) were identified in these patients, with significant hypomethylation
linked to overexpression of genes driving airway inflammation, highlighting epigenetic
contributions to recurrent wheezing and asthma [132]. In another study, Elgizouli et al.
reported methylation changes in the perforin-1 (PRF1) enhancer, a gene critical for antiviral
immunity, following severe RSV infection [133]. Additionally, Wang et al. demonstrated
RSV-induced upregulation of the NODAL gene in bronchial epithelial cells (BECs), which
is typically hypermethylated in healthy BECs [134]. RSV-induced epigenetic modifications
skew T cells toward Th2 and Th17 phenotypes. In murine models, RSV infection upregu-
lated demethylase genes Kdm5b and H3K4 in dendritic cells, suppressing type I IFN and
cytokine transcription, leading to reduced pro-inflammatory responses and a Th2-skewed
phenotype. KDM5B, a key epigenetic regulator, inhibited innate cytokine production,
including IFN-β, in RSV-infected dendritic cells. The inhibition of Kdm5b increased levels
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of IFN-β, IL-6, and TNF-α, while Kdm5b-deficient mice showed increased IFN-γ, reduced
Th2 cytokines, and decreased lung inflammation. Similarly, KDM5B inhibition in human
dendritic cells enhanced innate cytokine production and reduced Th2 responses, identifying
KDM5B as a potential therapeutic target to enhance antiviral immunity and mitigate RSV
pathology [135]. Additionally, methylation of H3K4 by SMYD3 in regulatory T cells plays
a critical role in controlling lung inflammation post-RSV infection [136]. These findings
suggest RSV induces long-lasting epigenetic modifications that impair immune responses
and may contribute to chronic respiratory conditions.

4.3. Human Rhinovirus (HRV)

Human rhinovirus (HRV) infection plays a significant role in exacerbating asthma
symptoms and is believed to contribute to the development of asthma during early child-
hood. HRV, a single-stranded RNA virus within the Picornaviridae family, encompasses over
160 recognized variants, classified into three species, namely HRV-A, HRV-B, and HRV-
C [137]. Among these, HRV-A and HRV-C are strongly associated with lower respiratory
tract infections (LRTIs) in children, leading to increased morbidity. Individuals with atopic
asthma exhibit heightened susceptibility to HRV infection, experiencing not only a greater
frequency of symptomatic respiratory tract infections but also prolonged and more severe
respiratory symptoms following infection [138]. Martin Pech and colleagues conducted a
study to examine the effects of HRV infection on DNA methylation and mRNA expression
in epithelial cells derived from asthmatic and non-asthmatic children. Using primary nasal
epithelial cells infected with Rhinovirus-16 (RV-16), they performed genome-wide analyses
of DNA methylation and mRNA expression. The study identified 471 CpG sites associated
with 268 genes that displayed asthma-specific alterations in response to HRV infection.
Among these, 16 CpG sites, including those linked to HLA-B-associated transcript 3 (BAT3)
and Neuraminidase 1 (NEU1), were implicated in modulating the host immune response
to HRV infection. The findings revealed that HRV infection induces distinct DNA methyla-
tion changes that influence mRNA expression in asthmatic children, particularly in genes
involved in immune regulation and asthma pathogenesis. These results highlight HRV’s
potential contribution to asthma persistence and progression, offering insights into possible
therapeutic targets for future interventions [139].

4.4. Human Metapneumovirus (HMPV)

Human metapneumovirus (HMPV) is a negative-sense RNA virus belonging to the
family Paramyxoviridae, subfamily Pneumovirinae, and genus Metapneumovirus. It is classified
into two primary lineages, A and B, which are further subdivided into sublineages A1, A2,
B1, and B2 based on variations in surface glycoproteins and antigenic properties [140,141].
Recent studies have highlighted the significance of N6-methyladenosine (m6A) modifica-
tions in the HMPV genome. Lu et al. demonstrated that m6A modifications are present
in the HMPV genome, antigenome, and mRNA, with the G gene exhibiting the highest
m6A peak. The study revealed that m6A modifications enhances viral replication and gene
expression, while its depletion reduces the severity of HMPV infection in cell cultures.
Additionally, overexpression of m6A-binding proteins significantly increased viral replica-
tion, protein synthesis, and RNA levels, underscoring the pro-viral role of m6A in HMPV
pathogenesis [142]. These findings establish m6A as a critical factor in HMPV pathogenesis,
offering potential avenues for therapeutic intervention.

4.5. Adenovirus

Human adenoviruses (HAdVs) are small, non-enveloped DNA viruses that are highly
prevalent in the human population. These viruses encode various proteins that mimic
functions found in other viruses. One such protein, protein VII, is a small, positively
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charged molecule that binds to viral DNA in a non-specific manner [143]. Similarly to
histones, protein VII plays a crucial role in condensing the viral genome for packaging. It
is essential for protecting the viral DNA from damage and regulating the expression of
viral genes. Notably, protein VII interacts with cellular chromatin, despite sharing limited
sequence similarity with the cellular histone H3 [144,145].

Avgousti et al. demonstrated that protein VII forms complexes with nucleosomes,
thereby restricting DNA accessibility and altering the protein composition of host chro-
matin. Posttranslational modifications of protein VII facilitate its chromatin localization,
enabling it to sequester high-mobility group proteins (HMGB1, HMGB2, and HMGB3).
Notably, protein VII binds directly to HMGB1, a protein released during inflammatory
responses to activate immune signaling, thereby preventing its release. In a mouse model,
expression of protein VII in the lungs reduced inflammation-induced HMGB1 levels and
inhibited neutrophil recruitment in bronchoalveolar lavage fluid. These findings highlight
a viral strategy by which adenoviruses bind nucleosomes and modulate immune signaling,
effectively suppressing host inflammatory responses [146]. In another study, Ferrari et al.
investigated the role of the adenovirus small E1A protein in promoting oncogenic trans-
formation through its interaction with host lysine acetylases, p300/CBP, and the tumor
suppressor RB. Their study found that E1A displaces RB from the E2F transcription factors,
enabling p300 to acetylate RB1 at specific lysine residues (K873/K874). This acetylation
stabilizes RB1 in a repressive conformation, enabling it to recruit chromatin-modifying
enzymes and form p300-E1A-RB1 complexes. These complexes preferentially target and
condense chromatin at host genes with high p300 activity within the gene body, including
genes involved in TGF-β, TNF, and interleukin signaling pathways. These complexes con-
dense chromatin through mechanisms dependent on histone deacetylase (HDAC) activity,
p300 acetylase, and specific acetylation of RB and E1A, thereby repressing host genes that
could inhibit viral replication [147]. We have summarized the individual viral proteins from
each of the mentioned viruses and their interactions with the host epigenetic machinery, as
shown in Table 2.

Table 2. Viral protein interactions with host epigenetic machinery.

Viral Pathogen Viral Protein Epigenetic Mechanism Host Impact

Adenovirus E1A, Protein VII,
E4orf3

Inhibits HDACs
Alters histone acetylation at K9 and
K18

Increases acetylation, downregulating
immune genes while upregulating
cell cycle genes for replication

Human Bocavirus
(HBoV) NS1

Influences histone methylation and
acetylation, alters the activity of
epigenetic modifiers

Involved in viral DNA replication,
interacts with various cellular
proteins, suppression of
antiviral responses

Human
Metapneumovirus

(HMPV)
G protein Induces DNA methylation in

inflammatory and antiviral genes
Suppresses IFN-stimulated genes,
impairing antiviral defenses

Influenza Virus NS1
Reduces histone acetylation and
H3K79 methylation at immune
gene promoters

Silences IFN responses, increasing
cytokine storms

MERS ORF4a, Spike protein Promotes histone deacetylation and
H3K27 methylation

Suppresses antigen presentation and
immune recognition,
aiding persistence

Parainfluenza Virus C protein Inhibits histone acetylation Reduces pro-inflammatory cytokines
and IFN signaling to evade immunity

RSV NS1, NS2 Induces chromatin remodeling
Modulates ECM and TGFβ signaling,
reducing IFN production and
inflammation
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Table 2. Cont.

Viral Pathogen Viral Protein Epigenetic Mechanism Host Impact

Rhinovirus VP1, VP4 Alters DNA methylation at immune
gene promoters

Links to asthma development and
chronic inflammation

SARS-CoV-2 ORF8, Spike protein
Modifies inflammatory gene
methylation and ACE2 histone
acetylation (H3K4me3, H3K27ac)

Increases ACE2 expression, triggers
cytokine storms, and reprograms
immune cells epigenetically

4.6. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

Coronaviruses are a family of single-stranded RNA viruses primarily associated with
respiratory infections in humans and animals. Seven species of coronaviruses are known
to infect humans, with SARS-CoV-2 being the most recent, first identified in Wuhan in
December 2019, and the virus responsible for causing COVID-19. Out of these seven
species, HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-HKU1 typically cause mild
respiratory illnesses, whereas MERS-CoV, SARS-CoV, and SARS-CoV-2 are associated with
a spectrum of clinical outcomes. These range from mild upper respiratory symptoms to
severe, life-threatening conditions such as acute lung injury (ALI) and ARDS [148,149].

SARS-CoV-2 is an enveloped virus with a single-stranded positive-sense RNA genome
ranging from 29.7 kilobases (kb) to 29.9 kb [150]. The virus utilizes the angiotensin-
converting enzyme 2 (ACE2) receptor, encoded by the ACE2 gene, for cellular entry.
This receptor is expressed in various cell types, including lung epithelial cells, and gas-
trointestinal cells [151,152]. Epigenetic mechanisms significantly influence the regulation
and expression of ACE2. Overexpression of ACE2 has been linked to severe COVID-19
outcomes, with HDAC enzymes modulating epigenetic responses that contribute to pro-
inflammatory cytokine storms during infection [153]. Conversely, histone deacetylase
inhibitors (HDACi) have been shown to reduce ACE2 expression, potentially mitigating
disease progression [154]. DNA methylation also significantly impacts ACE2 regulation,
with lung epithelial cells exhibiting the lowest levels of DNA methylation across tissues, cor-
relating with high ACE2 expression in these cells [155]. In children, differential methylation
of the ACE2 gene at 15 CpG sites has been associated with age, sex, and race, potentially
explaining disparities in COVID-19 susceptibility and severity. For instance, females and
Black males exhibit lower DNA methylation levels at these sites. Additionally, longer DNA
methylation telomere lengths correlate with higher ACE2 methylation in both sexes [156].
These findings highlight the significance of epigenetic variations, particularly DNA methy-
lation signatures in ACE2, in influencing individual susceptibility and the clinical outcomes
of SARS-CoV-2 infection.

A study by Mao et al. investigated blood epigenetic alterations, particularly DNA
methylation, in 133 young adults with mild/asymptomatic SARS-CoV-2 infection. While
most gene expression changes normalized after viral clearance, some methylation sites
remained altered for months, resembling patterns seen in autoimmune or inflammatory
diseases. Methylation-based machine learning models are being developed to distinguish
pre-, during-, and post-infection states, enabling accurate predictions of infection timelines.
Early or pre-infection methylation profiles effectively predicted clinical outcomes and
mirrored post-infection epigenetic changes. Notably, the post-acute SARS-CoV-2 epigenetic
landscape was antiprotective, potentially increasing susceptibility to further infections
rather than providing immunity [157]. Kee et al. identified a novel mechanism by which
SARS-CoV-2 disrupts host cell epigenetic regulation through histone mimicry. The viral
ORF8 protein, containing an ARKS motif critical for histone post-translational modifications
(PTMs), interacts with histones, and the nuclear lamina. ORF8 undergoes acetylation,
mimicking histone modifications, which disrupts key histone PTMs and induces chromatin
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compaction. These effects are dependent on the presence of the histone mimic motif, as its
absence abolishes chromatin disruption. Importantly, deletion of ORF8 or its mimic motif
reduces viral replication and modulates the host transcriptional response, highlighting
ORF8’s critical role in viral replication and pathogenesis [158]. Furthermore, a SARS-CoV-2
variant isolated in Singapore with a deletion in the ORF8 gene was associated with milder
infections and an enhanced interferon response in patients [159].

RNA sequencing studies have revealed distinct immune responses in patients with the
∆382 SARS-CoV-2 variant as compared to wildtype SARS-CoV-2, including enhanced adap-
tive immune responses, improved T cell functionality, robust SARS-CoV-2-specific immu-
nity, and rapid antibody production [160]. Another study identified SARS-CoV-2-induced
DNA methylation changes, with significant downregulation of DNA methyltransferases
(DNMT1, DNMT3A, DNMT3B) leading to promoter hypomethylation and upregulation of
genes like HSPA1L and ULBP2. These genes showed increased expression in asymptomatic
and severe cases, with HSPA1L implicated in viral replication. These findings highlight
the SARS-CoV-2-driven epigenetic modifications as potential therapeutic avenues, though
further research with larger patient cohorts is needed to elucidate underlying mechanisms
and improve clinical applicability [161].

5. Susceptibility to Viral ARIs and Bacterial Co-Infections: Interactions,
and Clinical Outcomes

The clinical impact of viral co-infections has been a subject of extensive study, yielding
mixed results. Some studies suggest that co-infections can exacerbate disease severity,
increasing the risk of moderate to severe disease, non-invasive ventilation, or death. How-
ever, other studies report no significant differences or even reduced severity in certain
cases [162]. Research indicates that RSV and human rhinoviruses (HRVs) frequently co-
occur in children, though viral interference is observed. For example, the detection rate
of rhinovirus decreases in the presence of RSV, whereas children receiving RSV immuno-
prophylaxis are more likely to be infected with human rhinoviruses [163]. Competition
among respiratory viruses extends to RSV and influenza, where peaks in one virus’s ac-
tivity correspond to declines in the other. Notably, co-infection rates between RSV and
influenza are unexpectedly low, likely due to competitive interference [164–166]. While
influenza co-infections with multiple strains increase the risk of ICU admission or death,
RSV/rhinovirus co-infections mainly prolong hospital stays without necessarily worsen-
ing ICU or ventilation outcomes [167]. Furthermore, systematic reviews and large-scale
analyses have often concluded that viral co-infections, particularly in children, do not
significantly impact clinical outcomes such as hospital length of stay, ICU admissions,
or mechanical ventilation requirements [167–169]. Some studies even report less severe
illness in co-infected children over three months of age compared to those with single
infections [170,171]. Overall, the clinical implications of viral co-infections remain variable,
influenced by factors like patient age, viral combinations, and study populations.

The interactions among co-infecting viruses can lead to synergistic or antagonistic
effects, often altering cytokine and chemokine expression patterns [172,173]. In murine
models, RSV mono-infection induced minimal TNF-α and IL-6 levels, whereas IAV mono-
infection significantly elevated these cytokines. Sequential infections revealed that prior
RSV infection decreased TNF-α and IL-6 levels following subsequent IAV infection, sug-
gesting protective effects mediated by innate immune responses [174,175]. Similarly, RSV
has been shown to inhibit HMPV replication through type I and III interferon-mediated
responses, with disruption of these pathways reducing RSV’s inhibitory effects [176,177]. In
human airway cells, HRV infection transiently protected against IAV or pH1N1 replication
by inducing interferon-stimulated genes [178]. Additionally, co-infections involving IAV
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and SARS-CoV-2 exhibited cytokine dynamics dependent on the infection sequence, with
elevated TNF-α, IL-6, and IFN-β levels following sequential infections, particularly when
SARS-CoV-2 preceded IAV [179]. These findings highlight the critical role of interferons
and immune modulation during viral co-infections and underscore the complexity of
host–pathogen interactions.

Interactions between respiratory viruses and bacteria also are well-documented and
frequently contribute to exacerbations of chronic respiratory diseases like COPD. Viral
infections, such as rhinovirus, can elevate bacterial burden, as evidenced by increased
bacterial 16S rRNA gene levels in COPD patient’s post-infection [180,181]. Influenza
infection enhances susceptibility to S. pneumoniae and S. aureus through mechanisms like
impaired macrophage function, diminished TNF-α-induced NK cell activity, and reduced
IL-1β and Type 17 immunity [182–185]. Conversely, S. pneumoniae infections can decrease
lung CD8+ T cell populations and virus-specific antibodies (IgA, IgM, and IgG), along with
reductions in CD4+ T cells, B cells, and plasma cells, thereby promoting viral persistence and
increasing mortality rates [186,187]. Respiratory viral infections also heighten the risk of
secondary bacterial pneumonia and amplify bacterial virulence. During acute inflammation,
cytokines like IL-1β, IL-6, and TNF-α can foster bacterial growth [188,189]. Viral-bacterial
co-infections also contribute to severe outcomes, as seen in RSV-associated bronchiolitis
and bacterial superinfections, which correlate with longer hospital stays and higher severity
scores [190]. Historically, the 1918 influenza pandemic highlighted the lethal impact of
secondary bacterial infections, predominantly bacterial pneumonia. In children, concurrent
viral and bacterial infections are common in acute otitis media (OM), with pathogens such as
S. pneumoniae, H. influenzae, and RSV frequently implicated [191,192]. Viral infections impair
mucociliary clearance and Eustachian tube function, promoting bacterial colonization and
middle ear inflammation [191,193,194]. These insights underscore the complex dynamics
of viral-bacterial interactions and their implications for disease severity.

6. Diagnostic Applications of Epigenetics in Viral ARIs
6.1. Epigenetic Biomarkers

In the genome of an individual, epigenetic changes represent a well-orchestrated
symphony for modulation of the transcriptional outcome of the genetic code. Epigenetic
biomarkers provide groundbreaking evidence not only in terms of facilitating prognostica-
tion and diagnosis of disease and subsequent treatment monitoring but also highlight the
importance of nutrition, metabolic states and environmental factors on health. A key feature
of epigenetic marks—such as DNA methylation and miRNAs—obtained from diverse bio-
logical specimens (e.g., blood, plasma, urine, and formalin-fixed paraffin-embedded tissues)
is their remarkable stability, making them reliable indicators for predicting disease risk,
aiding diagnosis, and assessing therapeutic outcomes [195,196]. Epigenetic modifications,
including DNA and RNA methylation, histone modifications, and ncRNAs, have been
implicated in creating perturbations of the transcriptional activity related to host-immune
interactions by modulation of chromatin structure and gene expression patterns. These
mechanisms play a crucial role in host–pathogen interactions, particularly in severe viral
respiratory infections, where epigenetically regulated processes affect innate and adaptive
immune responses, inflammation, and viral outcomes. For example, DNA methylation
and histone modifications influence host antigen presentation in infections like H5N1 and
MERS-CoV [197].

6.2. Epigenetic Patterns for Disease Assessment and Risk Stratification

Viruses causing severe respiratory illnesses have been shown to utilize three major epi-
genetic regulatory mechanisms to influence host–pathogen interactions, namely (i) coding
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for viral proteins capable of directly interacting with host-modified histones to reprogram
chromatin structure and gene expression; (ii) altering DNA methylation patterns and host
miRNA expression profiles, thereby dysregulating genes involved in innate and adaptive
antiviral immune responses; and (iii) regulating viral lifecycle and host immune responses
by hijacking the host’s nuclear miRNA processing machinery responsible for encoding
viral non-canonical miRNA-like RNA fragments (v-miRNAs). For example, H5N1 and
SARS-CoV-2 have been observed to modulate host epigenetic mechanisms, contributing to
susceptibility to pulmonary illnesses by interrupting both innate and adaptive immune
pathways. This epigenetic interference enhances viral persistence and pathogenesis in the
host, underlining the critical role of these mechanisms in disease susceptibility and pro-
gression [198–200]. Some relevant mechanisms are discussed below in relation to common
respiratory viral diseases.

6.2.1. Histone Modifications and Viral miRNAs in Influenza A Virus

Recent multi-omics studies have highlighted the ability of avian Influenza A virus
(H5N1) to evade early host antiviral responses through modifications of histone methylation
patterns at type I interferon-sensitive genes (ISGs). Specifically, in human airway epithelial
cells, the H5N1 virus induces the formation of heterochromatin state at genomic regions
adjacent to SMAD9L, CFHR1, and DDX58 genes. This chromatin state is characterized by
an increase in the repressive histone mark H3K27me3 and a concomitant decrease in the
active histone mark H3K4me3, mediated by the NS1 viral protein [31]. In the viral life cycle,
small viral leader RNAs (v-miRNAs) play a crucial role in producing new progeny virions
by facilitating genomic RNA encapsidation. These v-miRNAs are encoded by the 5′ ends
of all eight genomic segments of the Influenza virus [201]. Studies have shown that the
H5N1 virus encodes miR-HA-3p, a miRNA-like small RNA that plays a role in increasing
the production of antiviral cytokines in human macrophages. This molecule serves as an
important virulence marker, indicating the severity of the H5N1-induced cytokine storm
and its associated high mortality rates. Furthermore, the viral machinery responsible for
producing functional miRNAs can be harnessed to develop miRNA delivery systems using
RNA viruses as molecular vectors [202–204].

6.2.2. DNA Methylation and NETosis in SARS-CoV-2

Compared to earlier COVID viruses, the increased transmissibility rates and asymp-
tomatic infection states of SARS-CoV-2 can be attributed to a highly efficient replication
machinery coupled with lower IFN production in lung tissues [205]. Studies have shown
that epigenetic pathways modulated by oxidative stress lead to ACE2 deregulation. In sys-
temic lupus erythematosus patients, CpG hypomethylation of the ACE2 gene is conjectured
to increase susceptibility to COVID-19 and exacerbate its severity by upregulating ACE2
protein expression in T cells, thereby facilitating viral infection and spread [206]. These
epigenetic signatures might favor viral infection and provide risk biomarkers to understand
disease severity and progression in SARS-CoV-2 infection. Under physiological conditions,
NETosis provides a form of innate immunity, in which histone H3 modifications guide the
death of neutrophils, leading to the release of neutrophil extracellular traps (NETs). These
NETs serve as a scaffold for platelet aggregation and adhesion, resulting in the entrapment
of pathogens and preventing their diffusion. This scaffold comprises a complex of DNA
fibers, histones, and other proteins [197,207]. These NETs can stimulate macrophages to
secrete IL1B, thereby prolonging the signaling cascade between macrophages and neu-
trophils and causing progressive inflammatory damage. Previous studies have linked
thrombotic events and lung inflammation, as well as extensive lung damage and ARDS,
to dysregulation of NETosis [207,208]. Since the pandemic began, it has been observed
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that COVID-19 patients have a higher predilection for thromboembolic events and dis-
seminated intravascular coagulation [208,209]. Recently, a study by Barnes and colleagues
highlighted the significant role of NETosis in neutrophilic lung infiltration, attributing it to
organ damage and subsequent mortality in COVID-19 patients [210]. The molecular basis
of heparin’s efficacy in reducing mortality in patients with severe COVID-19 symptoms
complicated by sepsis-induced coagulopathy is provided by its ability to disrupt NETs and
block histone-induced platelet aggregation [211]. In this context, for patients with severe
COVID-19, DNase I-mediated degradation of NETs holds promise as a novel therapeutic
option [212]. For a better understanding of viral regulation, the epitranscriptome of SARS-
CoV-2 was analyzed using nanopore direct RNA sequencing. In this analysis, around 41
RNA modification sites were identified, most commonly present in the AAGAA motif on
viral transcripts with shorter poly(A) tails. The presence of these poly(A) tails, which play
a crucial role in RNA stability and turnover, may represent one of the plausible molecular
mechanisms deployed by SARS-CoV-2 to escape the host immune defenses and enhance
the cytokine storm [213].

6.3. Evidence of Epigenetic Immune Regulation from Human Studies

The epigenetic profile analysis of blood samples from patients infected with SARS-
CoV-2, drawn from a large cohort of young recruits, was conducted as part of the COVID-19
Health Action Response for Marines (CHARM) study. The findings indicated persistent
changes in the post-infection DNA methylation profile in blood cells compared to the
pre-infection profile, with these changes lasting at least several weeks after infection [16].
The characteristic epigenetic signature observed in the post-infection state prominently
featured an increased proportion of hypomethylated regions in close proximity to ISGs,
which showed significant overlap with epigenetic signatures previously identified in au-
toimmune diseases such as multiple sclerosis and systemic lupus erythematosus [157].
An independent study examining the epigenetic responses in blood samples from eight
convalescent individuals (4–12 weeks post-recovery) using single-cell ATAC-sequencing
assays demonstrated distinct chromatin accessibility profiles, particularly in CD14+ and
CD16+ monocytes, compared to healthy individuals [214]. However, another study, which
employed DNA methylation analysis, single-cell RNA-seq, and single-cell ATAC-seq meth-
ods to investigate the epigenetic responses in recovering COVID-19 patients, revealed only
limited differences between controls and convalescent participants [215]. These studies
collectively underscore that long-term epigenetic changes in the immune system can result
from SARS-CoV-2 infection [216]. However, the extent or specific consequences of these
post-infection changes in epigenetic signatures, linked to immune system perturbations,
remain incompletely understood. Such alterations have been broadly categorized as “long
COVID” or Post-Acute Sequelae of SARS-CoV-2 infection (PASC) [217]. It can however be
conjectured that PASC can be attributed to some form of virus-induced epigenetic modifi-
cation, a premise warranting further investigation. Similar long-term respiratory sequelae
leading to asthma, allergies, and other pulmonary conditions, have also been observed in
children infected with RSV [218–221]. This is further supported by a recent study conducted
to characterize the DNA methylation profile of blood samples from children under 2 years
old diagnosed with RSV infection, and this monitoring was conducted for at least 3 years
to observe the development of asthma or recurrent wheezing [132] which can be attributed
to the alteration of DNA methylation patterns in immune cells.

Epigenetic regulation of pulmonary viral infections is also mediated by lncRNAs, as
evidenced in human studies. Hundreds of lncRNAs with varying expression levels have
been identified in patients diagnosed with IAV and SARS-CoV-2 infections compared to
negative controls. Notably, one lncRNA, named CHROMR, which is associated with lipid
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metabolism, exhibits distinctive histone acetylation patterns at the regulatory regions of
ISGs and plays a crucial role in restricting viral infections in macrophages [222].

6.4. Evidence of Epigenetic Immune Regulation from In Vitro and Animal Models

In addition to human studies, significant insights have been provided by animal
and in vitro models, illustrating the impact of IAV, SARS-CoV-2, and RSV infections on
remodeling the innate immune system via epigenetic changes. One important mechanism
through which these respiratory viruses influence epigenetic signatures is the upregulation
or downregulation of enzymes such as HDACs and DNMTs. In a study where blood cells
from healthy human donors were exposed in vitro to either the H1N1 or H5N1 strain of
IAV, an upregulation of epigenetically relevant enzymes, including TET1, TET3, DNMT1,
DNMT3A, and DNMT3B, was observed. Among these strains, H1N1 not only increased
TET2 expression and overall DNA demethylation levels but also decreased the expres-
sion of UHRF1, a key epigenetic regulator that binds to DNA and promotes methylation
by recruiting DNMT1 [223]. Similarly, SARS-CoV-2 infection in human epithelial cells
in vitro demonstrated downregulation of DNMT1, DNMT3A, and DNMT3B enzymes [161].
Additionally, IAV has been shown to downregulate HDAC1 and HDAC2 gene expres-
sion in vitro, which correlates with increased viral replication [224,225]. Although these
studies demonstrate that infections can alter the expression of enzymes responsible for
regulating DNA methylation or histone modifications, the underlying mechanisms driving
these alterations remain poorly understood. IAV infection is also known to cause histone
modifications, as evidenced by a decrease in histone acetylation in IAV-infected A549
cells, which impaired cellular transcription [13]. Furthermore, in a mouse model, IAV
infection was found to upregulate the gene expression of the methyltransferase Setdb2 in
myeloid cells within the lungs, an effect typically induced by type I interferon signaling.
Similarly, RSV infection alters the histone methylation machinery, as demonstrated in a
mouse model where RSV increased the expression of Jmjd3 and Utx H3K27 demethylases
in bone marrow-derived dendritic cells and lung dendritic cells [226].

7. Therapeutic Interventions Targeting Epigenetic Mechanisms
In order to combat modern drug-resistant pathogens, the discovery of novel drugs

or the repurposing of already approved drugs is imperative [227]. Drugs targeting the
epigenetic pathways, or “epi-drugs,” offer a promising therapeutic strategy for regulating
viral-host interactions during critical illnesses [228]. The advent of SARS-CoV-2 further
motivated researchers to explore the repurposing of FDA-approved epi-drugs [229] as
well as commonly used drugs such as metformin and statins. Recently, a few epi-drugs,
such as vorinostat and belinostat, have been introduced into clinical use primarily for the
treatment of hematological malignancies. Many other epigenetic-based drugs are currently
undergoing trials to validate their potential for mainstream or adjuvant therapy against
infectious diseases (Table 3).

Table 3. Common epigenetic drugs (epidrugs) in use or under clinical trials for treating acute
respiratory infections (ARIs).

Name of Drug Type/Category Mode of Action Effective
Against Virus

Effect of
Modulation of

Epigenetic
Pathways

Pro-
Inflammatory

Cytokine
Target If Any

NCT or Trial
Number

Apabetalone De novo
epidrug BET2/4i SARS-CoV-2 Decreased viral

replication ACE2 -
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Table 3. Cont.

Name of Drug Type/Category Mode of Action Effective
Against Virus

Effect of
Modulation of

Epigenetic
Pathways

Pro-
Inflammatory

Cytokine
Target If Any

NCT or Trial
Number

Curcumin De novo
epidrug HDACi Influenza Decreased

inflammation NF-κβ -

Metformin Repurposed
epidrug HDACi Influenza

Increased
antibody

response to
vaccine

TNF-α -

Statins Repurposed
epidrug HDACi Influenza;

MERS-CoV
Reduced viral

infectivity

RANTES
TLR-MYD88-
NF- κβ axis

NCT02056340

Ruxolitinib
with

simvastatin

Repurposed
epidrugs in
combination

HDACi + JAKi SARS-CoV-2
pneumonia

Inhibition of
viral entry and

anti-
inflammatory

RANTES and
JAK pathway NCT04348695

Toclizumab
Repurposed

immunomodu-
latory drug

Not clearly
defined mode
of epigenetic

action

SARS-CoV-2

Reducing
inflammation

by modulating
NETosis

Il-6
NCT04346355
NCT04412772
NCT04424056

Bevacizumab
Repurposed

immunomodu-
latory drug

-
Severe

pneumonia of
SARS-CoV-2

Prevent ARDS
and suppress
pulmonary

edema

VEGF NCT04348695
NCT04305106

Abbreviations: ACE2, angiotensin-converting enzyme 2; BETi, bromodomain and extra-terminal domain (BET)
inhibitor; HDACi, histone deacetylase inhibitor; IL-6, interleukin-6; MYD88, myeloid differentiation primary
response 88; NF-kB, nuclear factor kappa-light-chain enhancer of activated B cell; RANTES, regulation upon
activation normal T cell expressed or secreted (CeC chemokine ligand 5); TLR, Toll-like receptor; TNF- α, tumor
necrosis factor-alpha; VEGF, Vascular endothelial growth factor.

7.1. Epidrugs

Based on their respective target enzymes, epidrugs are classified into the following cate-
gories: histone deacetylase inhibitors (HDACi/KDACi), histone acetyltransferase inhibitors
(HATi/KATi), histone N-methyl lysine demethylase inhibitors (HDMi/KDMi), DNA N-
methyltransferase inhibitors (DNMTi), histone methyltransferase inhibitors (HMTi/KMTi),
and bromodomain inhibitors. At present, two classes of epigenetic drugs, namely DNMTi
and HDACi, have been approved by the FDA for clinical use, while other classes are under
clinical trials [230]. Azacitidine, the first approved DNMTi, is currently used for chronic
myelomonocytic leukemia and myelodysplastic syndrome. Apart from the two approved
epidrug classes, HMTi and bromodomain inhibitors are emerging as promising epidrug
classes. Bromodomain proteins are specialized reader proteins that recognize acetylated
lysine residues, facilitating gene activation through signal transduction [231]. OTX-015
and CPI-0610, both targeting Bromodomain Extra-Terminal (BET) proteins are examples of
bromodomain protein inhibitors being used in phase I cancer trials [232].

Among the de novo epidrugs, both curcumin and apabetalone have shown potential
therapeutic benefits. Curcumin, a natural polyphenol derived from turmeric, is a known
HDACi. Studies have demonstrated that curcumin treatment can downregulate the secre-
tion of pro-inflammatory cytokines during H1N1 infection and decrease the expression of
NF-κB gene in human macrophages [233]. This mechanism suggests that curcumin may
be effective in mitigating IAV-induced severe lung infections by downscaling of cytokine
signaling without compromising immune function. Notably, curcumin and its derivative
demethoxy-curcumin have been shown to possibly inhibit key proteases of SARS-CoV-2,
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which are crucial for viral replication and transcription. Apabetalone, a direct inhibitor
of BET (Bromodomain and Extraterminal) 2/4 protein-SARS-CoV-2 interactions, may
suppress the expression of ACE2 receptors—key cellular entry points utilized by the SARS-
CoV-2 surface S glycoprotein [234]. Although apabetalone is not yet FDA-approved, it has
demonstrated safety and efficacy in phase III trials, such as the BETonMACE trial, which
targeted secondary prevention of cardiovascular dysfunction in diabetic patients [235].
These findings suggest that apabetalone may serve as a promising therapeutic agent for
inhibiting viral replication and managing infections. In this context, we have presented
a schematic representation that illustrates the intricate interplay among respiratory vi-
ral infections, epigenetic regulation, and potential therapeutic strategies targeting these
pathways (Figure 2).
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Figure 2. Impact of respiratory viral infections on epigenetic modifications and therapeutic
interventions: This figure illustrates how respiratory viral infections influence key epigenetic mod-
ifications, including histone acetylation, histone methylation, DNA methylation, and RNA-based
transcriptional regulation, alongside potential therapeutic strategies targeting these pathways. Viral
infections modulate histone acetylation within the nucleus (via histone acetyltransferases [HATs] and
histone deacetylases [HDACs]), with acetylation promoting transcriptional activation and deacety-
lation suppressing antiviral responses. They also alter histone methylation through enzymes like
PRC1/PRC2 and SET/SuVAR, where repressive marks (e.g., H3K27me3) suppress antiviral genes,
and active marks (e.g., H3K4me3) are dysregulated during viral infections. DNA methyltransferases
(DNMTs) silence promoter regions of antiviral genes, while TET enzymes regulate DNA demethyla-
tion to restore immune gene expression. RNA-based regulation, including miRNA disruption and
lncRNA dysregulation, interferes with transcriptional responses, while excessive NETosis exacerbates
inflammation. Therapeutic interventions include epigenetic modulators such as HAT inhibitors (e.g.,
curcumin), HDAC inhibitors (e.g., metformin, statins), DNMT inhibitors (e.g., azacitidine), and direct
antiviral treatments (e.g., monoclonal antibodies, CRISPR-based therapies, remdesivir) (Created with
BioRender.com).
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7.2. Repurposed Drugs with Antiviral Properties

Certain drugs with well-established applications have been repurposed as epidrugs
to manage respiratory viral infections. Among these, statins and metformin have shown
promising antiviral and anti-inflammatory properties. Statins, chemically classified as
hydroxymethylglutaryl (HMG) coenzyme A reductase inhibitors, are primarily used as
cholesterol-lowering drugs. However, they also exhibit pleiotropic epigenetic effects, in-
cluding the inhibition of HDACs. Having demonstrated anti-inflammatory effects [236],
statins were also expected to inhibit the cytokine storm induced by influenza viruses.
Studies have highlighted the role of statins in modulating various molecular pathways as-
sociated with the viral lifecycle, thereby offering potential therapeutic options for influenza,
primarily through the reduction in apoptosis [237,238]. Experimental studies have also
conjectured the use of early and high dose of statins as a beneficial strategy for treating
MERS-CoV infections by directly targeting the Toll-like receptor (TLR)-MYD88-NF-κB axis,
a pathway implicated in severe respiratory infections, including SARS-CoV-2 [239–241].
This regulatory role of statins in the MYD88 pathway may provide a promising avenue for
enhancing innate immune responses and limiting viral respiratory infections. Metformin, a
widely used first-line anti-hyperglycaemic drug for type 2 diabetes (T2D), is also identified
as an HDAC inhibitor. Beyond its glucose-lowering effects, metformin modulates inflam-
matory pathways to reduce chronic inflammation. Furthermore, it has shown potential
to improve the immune response to the influenza vaccine by enhancing B-cell function,
downregulating inflammatory responses, and upregulating AMPK phosphorylation [242].

7.3. Off-Target Effects of Epidrugs

The off-target effects of epidrugs often limit their utility and lead to their restricted use.
Different classes of epidrugs present unique challenges and need to be carefully monitored
to prevent unwanted side effects in the treated patients. The commonly used HDAC in-
hibitors have been demonstrated to disrupt both genome stability and DNA repair through
several mechanisms. Researchers have shown that DNA damage can occur due to the
stalling of replication forks induced by vorinostat, with similar effects observed following
HDAC3 knockdown. These outcomes are primarily attributed to aberrant firing of the
replication origin mediated by chromatin opening induced by HDAC inhibitors [243,244].
Additionally, HDACi have been found to downregulate DNA repair genes, leading to
enhanced radiosensitivity of cells [245]. Another study showed that HDACi had the po-
tential to modulate DNA repair through direct deacetylation of some of the DNA repair
proteins such as Ku70 and PARP1 [246]. Another drug, Entinostat, when used at high
concentrations, has been shown to induce ROS within 2 h of treatment, primarily through
the loss of mitochondrial membrane potential [247]. Another group of epidrugs, histone
acetyltransferase (HAT) inhibitors, also demonstrated off-target effects. These effects are
largely due to their reduced specificity, which can adversely affect non-target proteins
and influence cell viability even at low concentrations when the drug is not directly tar-
geting the intended HAT. Such non-specific acetylation patterns can lead to changes in
gene expression, disrupt normal cellular processes unrelated to histone modification, and
cause adverse effects in normal cells [248]. On the other hand, epidrugs belonging to
the DNMTi family have been shown to cause unintended changes in DNA methylation
patterns at sites not specified by the target genes, leading to unwanted side effects. These
effects may manifest as altered gene expression patterns in non-cancerous cells, affecting
normal cellular functions leading to toxicity along with reversal of the covalent protein-
DNA linkages, resulting in the dissociation of the enzyme from the DNA. For example,
drugs such as decitabine, 5-Aza, and zebularine, which cause substitutions at the target
cytosine, interfere with the reaction cycle. This interference can lead to sustained and/or
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irreversible DNA cytosine-C5 methyltransferase (MTase)-DNA adducts [249]. Researchers
have demonstrated the cytotoxic mechanisms of DNMT inhibitors through in vivo studies,
which suggest that (a) decitabine cytotoxicity is mediated via the formation of protein-
DNA adducts [250]; (b) cytotoxicity levels are directly proportional to MTase levels [251];
and (c) MTase-DNA adducts induced by decitabine activate the p53 DNA damage re-
sponse [252–255]. The off-target effects of HMTi drugs arise from unwarranted changes in
gene expression patterns in non-cancerous cells, leading to side effects that affect physio-
logical processes such as cellular differentiation, development, and immune function [256].
HMTs utilize S-adenosyl methionine (SAM) as the methyl group donor to target lysine
and arginine residues present on histone proteins, exerting various regulatory effects [257].
Experiments in mouse models have shown that excision of the methyltransferase active
domain (SET domain) in the MLL (Mixed Lineage Leukemia) gene results in defects in
skeletal development as well as abnormal expression of Homeobox-related genes [258].
Bromodomain inhibitors, particularly BET (Bromodomain and Extra-Terminal) inhibitors,
exhibit off-target effects when the small molecule drug binds to unintended protein targets
in addition to bromodomains. This results in unwarranted cellular effects, manifesting as
hematological side effects (e.g., anemia and thrombocytopenia), gastrointestinal issues, as
well as alterations of cellular functions resulting from transcriptional changes.

Interestingly, these off-target effects can sometimes have positive serendipitous out-
comes. Recent studies on clinical-stage kinase inhibitors have highlighted that the JAK2 in-
hibitor TG101209, the CDK inhibitor dinaciclib, and the PLK1 inhibitor BI-2536 significantly
inhibit BET bromodomains as an unintended off-target effect, potentially contributing
to their therapeutic efficacy [259–262]. These findings suggest that rational drug design
targeting both specific kinases and BET proteins can further enhance anticancer therapy
and prevent therapeutic resistance [263].

7.4. Immunomodulators as Antivirals: Insights from COVID-19

During the COVID-19 pandemic, tocilizumab (TCZ), a humanized monoclonal anti-
body, emerged as one of the important repurposed drugs undergoing clinical trials for the
treatment of critically ill pneumonia patients. Tocilizumab is known to reduce cytokine
storms by inhibiting interleukin-6 (IL-6) receptor signaling, which is associated with an
increased risk of cardiovascular mortality [264]. Several older-generation anti-inflammatory
drugs, including sarilumab (NCT04315298; Phases 2 and 3) and TCZ (NCT04320615; Phase
3), were also put into clinical trials. Additionally, established antiviral agents with known
mechanisms for blocking viral replication, such as favipiravir (NCT04358549; Phase 2)
and remdesivir (NCT04292730; Phase 3), were evaluated in clinical trials compared to
standard therapeutic procedures. Reports have pointed out that the clinical effects of intra-
venously administered remdesivir seems to be at the most modest, contrary to preliminary
expectations. However, a randomized Phase 3 clinical trial (NCT04292899) demonstrated
not statistically significant difference in the efficacy between 5- and 10-day courses of
remdesivir compared to standard treatment [265].

7.5. CRISPR/Cas9 and Epigenome Editing

In the modern era, several genome editing technologies, particularly CRISPR/Cas9,
transcription activator-like effector nucleases (TALENs), and zinc-finger nucleases, have
been developed for highly specific editing of targeted genomic sequences [266]. Scientists
have also developed a CRISPR/Cas13-based technology called PAC-MAN for viral inhibi-
tion that can efficiently degrades RNA from SARS-CoV-2 sequences and the live IAV. In
this approach, CRISPR RNAs (crRNAs) were elegantly designed and screened to specifi-
cally target conserved viral regions, facilitating the identification of functional crRNAs for
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SARS-CoV-2 targeting [267]. Bioinformatic analysis from this study identified a set of six
crRNAs capable of efficiently targeting more than 90% of all Coronaviridae. Another group
of researchers also developed a CRISPR/Cas13-based system targeting SARS-CoV-2 by
designing crRNAs specific to the nucleocapsid and replicase genes of SARS-CoV-2 which
halted viral replication and alleviated symptoms in a hamster model [268]. Additionally,
a type III CRISPR-based RNA editing system, named TEAR-CoV, was also discovered
to combat SARS-CoV-2, which demonstrated efficacy in both in vitro studies as well as
in eukaryotic cells [269]. Along with SARS-CoV-2, Blanchard et al. also developed a
CRISPR/Cas13-based system to combat the influenza virus by designing crRNAs specific
to IAV regions such as PB1 and highly conserved regions of PB2. Their findings showed
that selected crRNAs and the Cas13a protein effectively reduced viral RNA levels in cell
cultures. Furthermore, in mouse models, Cas13a-mediated degradation of influenza RNA
significantly decreased viral levels in lung tissues [268].

7.6. Role of Precision Medicine in Targeting SARS-CoV-2

Since the COVID-19 pandemic, it has become evident that precision medicine has
advanced significantly due to numerous biological discoveries and the rapid progression of
high-throughput multi-omics technologies. Scientific advancements in omics technologies,
such as metabolomics/lipidomics, microbiomics, proteomics, transcriptomics, genomics,
and epigenomics, have become pillars of precision diagnostics. The vast amounts of
data generated from various omics technologies have facilitated the identification and
analysis of omics-based biomarkers, which in turn become the principal driving force
in advancing precision and preventive medicine. Precision medicine focuses on early
disease diagnosis, monitoring disease prognosis, tailoring individualized treatments, and
offering suitable vaccination strategies [270]. Precision therapies for COVID-19 have
traditionally been divided into two major categories, namely (1) therapies targeting the
SARS-CoV-2 virus directly, and (2) therapies aimed at modulating host immune responses.
It is quite apparent that the effective therapy to halt disease progression relies on the
effectiveness of both drug groups; and hence, multiple combinations of drugs have been
tested. For instance, remdesivir, the first FDA-approved antiviral for COVID-19, reduces
disease progression, and improves post-hospitalization outcomes in both elderly and
pediatric patients [271,272]. Similarly, a phase 3 randomized, placebo-controlled trial with
1433 COVID-19 participants found that oral molnupiravir was more effective during the
pre-hospitalization stage [273]. However, in urgent cases, ritonavir-boosted nirmatrelvir
has also been prescribed to older adults (aged > 65 years) or patients with comorbidities,
such as diabetes, obesity, cardiovascular disease, or cancer [274]. Apart from precision
and combinatorial therapies, the future of precision medicine will heavily rely on further
advancements in omics technologies, particularly focusing on single-cell multi-omics data
integration to enable complex multi-level analyses of intracellular signalosome profiles.
Moreover, emerging artificial intelligence (AI) technologies, enhanced by advanced neural
networks, are expected to amplify evidence-based insights derived from multi-omic and
clinical data, which will be crucial for driving the evolution of precision medicine and
improving public health outcomes.

8. Discussion: Challenges and Future Perspectives
As research continues to unveil the significance of epigenetic mechanisms in viral ARIs,

novel opportunities for diagnostics and therapeutics are emerging. However, translating
these findings into clinical applications remains challenging due to technical complexi-
ties and methodological limitations. Epigenetic modifications such as DNA methylation,
histone modifications, chromatin remodeling, and ncRNA activity play critical roles in
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regulating immune responses and viral life cycles [275,276]. Viruses like SARS-CoV-2,
RSV, and Influenza A exploit host epigenetic machinery to alter gene expression, facili-
tating replication and evading immune detection [277]. For instance, SARS-CoV-2 ORF8
mimics histone ARKS motifs, disrupting chromatin organization and inhibiting immune
activation by limiting chromatin accessibility [158]. These epigenetic manipulations have
implications for long-term host immune memory, reinfection, and chronic disease. Epi-
genetic profiling offers diagnostic potential, with approaches like reduced representation
bisulfite sequencing (RRBS) and whole-genome bisulfite sequencing (WGBS) accurately
identifying hyper- and hypomethylation patterns, even in blood or respiratory epithe-
lium [278]. Implementing these methylation patterns into diagnostic systems would make
it possible to detect viruses early and distinguish between non-viral ARIs. Viral infections
often induce hypomethylation of ISGs, and hypermethylation of suppressive regulatory
elements, which could serve as diagnostic signatures [157]. Moreover, techniques such
as chromatin immunoprecipitation followed by sequencing (ChIP-seq) enable detailed
profiling of histone modifications, providing valuable insights into viral replication and
host immune responses [279–281].

Reversible epigenetic changes hold significant potential for precision medicine, with
small-molecule inhibitors originally developed for chromatin remodeling in cancer now
being explored for their potential to restore immune function during viral infections [282].
Viruses exploit chromatin remodelers to evade immune defenses, disrupting interferon and
pro-inflammatory cytokine responses critical for controlling ARIs. These disruptions can
also have long-term effects, impairing immune memory and increasing vulnerability to
reinfections. Therapies targeting chromatin remodeling complexes, such as DNA methyl-
transferase inhibitors (e.g., 5-azacytidine) and histone deacetylase inhibitors (e.g., vorinos-
tat), show promise in modulating immune responses by restoring chromatin accessibility
and antiviral gene expression [283,284]. New therapies, such as CRISPR-based epigenome
editing, have emerged as potential tools to selectively activate or silence gene expres-
sion. However, precise delivery to infected cells remains a significant challenge [285,286].
Epigenetic-targeted treatments offer huge promise but are both technically and clinically
challenging. For example, targeted delivery of DNA methyltransferase inhibitors or histone
deacetylase inhibitors to infected cells is challenging, as off-target effects may disrupt
critical cellular functions [287,288]. To address these limitations, drug delivery systems like
nanoparticle carriers are being investigated for their potential to enhance tissue specificity
and reduce systemic toxicity. However, these systems remain in the experimental stage for
applications in ARIs [289,290]. Moreover, while small-molecule inhibitors are efficient, they
may lack specificity in viral infection settings and could inadvertently silence host genes
essential for normal cellular functions. CRISPR-based epigenome editing offers a highly
specific method to modulate gene expression, with the use of tools such as dCas9 com-
bined with epigenetic effectors (e.g., dCas9-TET1 for DNA demethylation). These systems
can be directed to genomic loci critical for antiviral responses, potentially reinvigorating
host antiviral mechanisms [291,292]. Nonetheless, significant hurdles persist in efficiently
delivering CRISPR complexes to respiratory cells in vivo. Moreover, the short-term use
of CRISPR devices to minimize immune attack and off-target effects remains an area of
active investigation. Continued research and technological innovation are essential to
overcome these challenges and unlock the full therapeutic potential of epigenetic-targeted
interventions in viral infections.

Although epigenetic research holds significant potential for understanding and man-
aging viral ARIs, technical barriers in ARI research constrain both limited sample sizes and
reproducibility issues which present significant challenges. The high-throughput identi-
fication and quantification of molecular epigenetic signatures during infection relies on
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advanced sequencing and bioinformatics technologies. Whole-genome sequencing, while
powerful, is cost-intensive, generates vast amounts of data, and requires sophisticated
bioinformatics pipelines to identify and analyze specific methylation patterns. In addition,
defining primary epigenetic changes induced by viral infection and secondary epigenetic
alterations induced by host immune responses are tricky and requires time-course stud-
ies and single-cell analyses to make a definitive distinction. Emerging techniques like
single-cell ATAC-seq (scATAC-seq) and single-cell RNA-seq (scRNA-seq) are promising
techniques for characterizing cell-type-specific epigenetic and transcriptional signatures
within heterogenous tissues such as the lungs [293,294]. However, these approaches re-
main technically challenging and require further optimization to elucidate epigenetic
changes in the dynamic context of viral infections. To ensure reliability and comparability
across studies, standardized protocols for sample collection, handling, and analysis must
be established.

Studies on DNA methylation and histone modifications have provided valuable in-
sights into ARIs, but many critical questions remain unanswered, particularly regarding
how chromatin remodels during infection and the roles ncRNAs in viral pathogenesis. By
regulating immune pathways at both transcriptional and post-transcriptional levels, ncR-
NAs enable viruses to evade host defenses and establish persistent infections. Measuring
specific ncRNA levels in patients could help predict disease severity, and therapeutics tar-
geting ncRNA activity hold promise for limiting viral replication while enhancing antiviral
immunity. One therapeutic approach involves targeting pro-viral miRNAs to inhibit their
function, thereby restoring the host’s antiviral response. MiRNA inhibitors designed to
specifically block miRNAs that promote viral replication and show potential in combating
viral infections [295,296]. A specialized class of miRNA inhibitors, known as antagomirs, is
being evaluated in clinical trials for their ability to neutralize specific miRNAs, potentially
reducing viral load and enhancing immune function. By preventing pro-viral miRNAs
from hijacking host cellular machinery, antagomirs could enable a more robust immune
response [297]. Given their significant roles in modulating immune responses, ncRNAs
represent promising therapeutic targets and potential biomarkers for predicting disease
severity in viral ARIs [53,59]. Moreover, advancements in AI and machine learning could
also offer opportunities to analyze large-scale epigenetic datasets, potentially uncovering
predictive biomarkers for disease severity and therapeutic outcomes [298]. Further im-
proving the specificity and efficacy of epigenetic therapies will depend on innovations
in drug delivery technologies, such as lipid nanoparticles and viral vectors, which could
enhance tissue targeting and minimize off-target effects. Overall, integrating sophisticated
epigenetic tools, computational methods, and targeted therapies opens a promising new
frontier to treat viral ARIs in a more personalized and effective way. Despite these advance-
ments, few studies have also addressed how epigenetic variations in specific virus strains
or host cells influence the course of infection or therapeutic efficacy [299]. Expanding
epigenetic research to encompass a broader range of viral strains, host cell types, and
longitudinal post-recovery surveillance could provide deeper insights into the enduring
consequences of viral ARIs [300]. Future efforts should prioritize creating detailed virus-
specific epigenetic maps and employing multi-omics strategies, including transcriptomics,
proteomics, and metabolomics, to provide a comprehensive understanding of host–virus
interactions. Technologies like single-cell multi-omics and spatial transcriptomics could
enable the monitoring of epigenetic and gene expression fluctuations at single cell level
within infected tissues [301]. Longitudinal studies are also essential to determine the persis-
tence of viral-induced epigenetic modifications and their implications for immune memory,
reinfection risks, and chronic respiratory syndromes [302]. All these combined approaches
will be critical to advancing our understanding and treatment of viral ARIs.
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The role of epigenetic modifications in combating viral ARIs continues to draw con-
siderable attention, with innovative strategies offering new insights into viral mechanisms
and therapeutic potential. Among these emerging approaches, G-quadruplexes (G4s) have
also garnered substantial interest due to their regulatory roles in viral replication, tran-
scription, translation, and epigenetic modulation at various levels. G4s are non-canonical,
four-stranded secondary structures composed of guanine-rich nucleic acid sequences, sta-
bilized by Hoogsteen hydrogen bonds. These unique structures have been identified across
prokaryotic and eukaryotic genomes and in numerous Baltimore virus groups, including
those responsible for viral ARIs [303–308]. The functional significance and presence of
G4s in most of the viral genomes and their potential as therapeutic targets makes them
an attractive focus for antiviral strategies. Accruing evidence has underscored the utility
of G4 specific small molecules designed to selectively bind and stabilize viral G4s. These
molecules, along with specific G4 interacting proteins that influence the stability of G4 struc-
tures, hold promise for novel G4-mediated epigenetic therapeutic interventions [305,309].
However, despite these advances, G4-mediated therapeutic approaches face notable chal-
lenges. One of the major challenges includes the development of site-specific and efficient
G4-binding molecules that selectively target viral genomes without disrupting host cellular
machinery [303,305]. Future studies that integrate structural, biochemical, and pharma-
cological insights could help refine the therapeutic potential of G4-based strategies and
expand our understanding of their roles in viral pathogenesis and treatment.

Taken together, epigenetics offers significant potential for advancing the diagnostic
and therapeutic landscape of viral ARIs. However, translating these insights into effective
treatments poses substantial technical, methodological, and biological challenges. Contin-
ued interdisciplinary research and innovation will be essential to overcome these barriers
and develop tangible interventions that improve patient outcomes and mitigate the global
burden of viral respiratory infections.

Author Contributions: Conceptualization, design, project administration and supervision: R.P.;
writing—original draft: A.S., A.G., A.K., N.S. and R.P.; tables: A.S., A.G. and A.K.; figures: A.S.;
writing—review and editing: R.P. and A.S.; All authors have read and agreed to the published version
of the manuscript.

Funding: This review article has not been supported by any external funding.

Conflicts of Interest: The author declares that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Rajeev, R.; Dwivedi, A.P.; Sinha, A.; Agarwaal, V.; Dev, R.R.; Kar, A.; Khosla, S. Epigenetic interaction of microbes with their

mammalian hosts. J. Biosci. 2021, 46. [CrossRef]
2. De Monerri, N.C.S.; Kim, K. Pathogens hijack the epigenome: A new twist on host-pathogen interactions. Am. J. Pathol. 2014, 184,

897–911. [CrossRef]
3. Behura, A.; Naik, L.; Patel, S.; Das, M.; Kumar, A.; Mishra, A.; Nayak, D.K.; Manna, D.; Mishra, A.; Dhiman, R. Involvement of

epigenetics in affecting host immunity during SARS-CoV-2 infection. Biochim. Biophys. Acta Mol. Basis Dis. 2023, 1869, 166634.
[CrossRef]

4. Wang, X.; Xia, H.; Liu, S.; Cao, L.; You, F. Epigenetic regulation in antiviral innate immunity. Eur. J. Immunol. 2021, 51, 1641–1651.
[CrossRef]

5. Barturen, G.; Carnero-Montoro, E.; Martinez-Bueno, M.; Rojo-Rello, S.; Sobrino, B.; Porras-Perales, O.; Alcantara-Dominguez, C.;
Bernardo, D.; Alarcon-Riquelme, M.E. Whole blood DNA methylation analysis reveals respiratory environmental traits involved
in COVID-19 severity following SARS-CoV-2 infection. Nat. Commun. 2022, 13, 4597. [CrossRef]

6. Zheng, D.L.; Zhang, L.; Cheng, N.; Xu, X.; Deng, Q.; Teng, X.M.; Wang, K.S.; Zhang, X.; Huang, J.; Han, Z.G. Epigenetic
modification induced by hepatitis B virus X protein via interaction with de novo DNA methyltransferase DNMT3A. J. Hepatol.
2009, 50, 377–387. [CrossRef]

https://doi.org/10.1007/s12038-021-00215-w
https://doi.org/10.1016/j.ajpath.2013.12.022
https://doi.org/10.1016/j.bbadis.2022.166634
https://doi.org/10.1002/eji.202048975
https://doi.org/10.1038/s41467-022-32357-2
https://doi.org/10.1016/j.jhep.2008.10.019


Pathogens 2025, 14, 129 29 of 41

7. Dong, W.; Wang, H.; Li, M.; Li, P.; Ji, S. Virus-induced host genomic remodeling dysregulates gene expression, triggering
tumorigenesis. Front. Cell. Infect. Microbiol. 2024, 14, 1359766. [CrossRef]

8. Natarelli, L.; Parca, L.; Mazza, T.; Weber, C.; Virgili, F.; Fratantonio, D. MicroRNAs and Long Non-Coding RNAs as Potential
Candidates to Target Specific Motifs of SARS-CoV-2. Noncoding RNA 2021, 7, 14. [CrossRef]

9. Ding, J.; Chen, J.; Yin, X.; Zhou, J. Current understanding on long non-coding RNAs in immune response to COVID-19. Virus Res.
2023, 323, 198956. [CrossRef] [PubMed]

10. Gordon, D.E.; Jang, G.M.; Bouhaddou, M.; Xu, J.; Obernier, K.; White, K.M.; O’Meara, M.J.; Rezelj, V.V.; Guo, J.Z.; Swaney, D.L.;
et al. A SARS-CoV-2 protein interaction map reveals targets for drug repurposing. Nature 2020, 583, 459–468. [CrossRef]

11. Salgado-Albarran, M.; Navarro-Delgado, E.I.; Del Moral-Morales, A.; Alcaraz, N.; Baumbach, J.; Gonzalez-Barrios, R.; Soto-Reyes,
E. Comparative transcriptome analysis reveals key epigenetic targets in SARS-CoV-2 infection. NPJ Syst. Biol. Appl. 2021, 7, 21.
[CrossRef]

12. Rathod, R.; Rathod, A.; Rahimabad, P.K.; Duan, J.; Zhang, H.; Arshad, S.H.; Karmaus, W. Methylation of Host Genes Associated
with Coronavirus Infection from Birth to 26 Years. Genes 2021, 12, 1198. [CrossRef] [PubMed]

13. Marcos-Villar, L.; Diaz-Colunga, J.; Sandoval, J.; Zamarreno, N.; Landeras-Bueno, S.; Esteller, M.; Falcon, A.; Nieto, A. Epigenetic
control of influenza virus: Role of H3K79 methylation in interferon-induced antiviral response. Sci. Rep. 2018, 8, 1230. [CrossRef]
[PubMed]

14. Smith, Z.D.; Meissner, A. DNA methylation: Roles in mammalian development. Nat. Rev. Genet. 2013, 14, 204–220. [CrossRef]
[PubMed]

15. Acosta, P.L.; Byrne, A.B.; Hijano, D.R.; Talarico, L.B. Human Type I Interferon Antiviral Effects in Respiratory and Reemerging
Viral Infections. J. Immunol. Res. 2020, 2020, 1372494. [CrossRef] [PubMed]

16. Lefkowitz, R.B.; Miller, C.M.; Martinez-Caballero, J.D.; Ramos, I. Epigenetic Control of Innate Immunity: Consequences of Acute
Respiratory Virus Infection. Viruses 2024, 16, 197. [CrossRef] [PubMed]

17. Gailhouste, L.; Sudoh, M.; Qin, X.Y.; Watashi, K.; Wakita, T.; Ochiya, T.; Matsuura, T.; Kojima, S.; Furutani, Y. Epigenetic
reprogramming promotes the antiviral action of IFNalpha in HBV-infected cells. Cell Death Discov. 2021, 7, 130. [CrossRef]
[PubMed]

18. Dee, K.; Schultz, V.; Haney, J.; Bissett, L.A.; Magill, C.; Murcia, P.R. Influenza A and Respiratory Syncytial Virus Trigger a Cellular
Response That Blocks Severe Acute Respiratory Syndrome Virus 2 Infection in the Respiratory Tract. J. Infect. Dis. 2023, 227,
1396–1406. [CrossRef]

19. Joly, E.; Mucke, L.; Oldstone, M.B. Viral persistence in neurons explained by lack of major histocompatibility class I expression.
Science 1991, 253, 1283–1285. [CrossRef]

20. Huot, N.; Planchais, C.; Rosenbaum, P.; Contreras, V.; Jacquelin, B.; Petitdemange, C.; Lazzerini, M.; Beaumont, E.; Orta-Resendiz,
A.; Rey, F.A.; et al. SARS-CoV-2 viral persistence in lung alveolar macrophages is controlled by IFN-gamma and NK cells. Nat.
Immunol. 2023, 24, 2068–2079. [CrossRef]

21. Fonseca, W.; Lukacs, N.W.; Ptaschinski, C. Factors Affecting the Immunity to Respiratory Syncytial Virus: From Epigenetics to
Microbiome. Front. Immunol. 2018, 9, 226. [CrossRef]

22. Rayavara, K.; Kurosky, A.; Stafford, S.J.; Garg, N.J.; Brasier, A.R.; Garofalo, R.P.; Hosakote, Y.M. Proinflammatory Effects of
Respiratory Syncytial Virus-Induced Epithelial HMGB1 on Human Innate Immune Cell Activation. J. Immunol. 2018, 201,
2753–2766. [CrossRef]

23. Zhao, Z.; Li, J.; Feng, Y.; Kang, X.; Li, Y.; Chen, Y.; Li, W.; Yang, W.; Zhao, L.; Huang, S.; et al. Host DNA Demethylation Induced
by DNMT1 Inhibition Up-Regulates Antiviral OASL Protein during Influenza a Virus Infection. Viruses 2023, 15, 1646. [CrossRef]

24. Liu, S.; Liu, L.; Xu, G.; Cao, Z.; Wang, Q.; Li, S.; Peng, N.; Yin, J.; Yu, H.; Li, M.; et al. Epigenetic Modification Is Regulated by the
Interaction of Influenza A Virus Nonstructural Protein 1 with the De Novo DNA Methyltransferase DNMT3B and Subsequent
Transport to the Cytoplasm for K48-Linked Polyubiquitination. J. Virol. 2019, 93. [CrossRef] [PubMed]

25. Traynor, S.; Terp, M.G.; Nielsen, A.Y.; Guldberg, P.; Jakobsen, M.; Pedersen, P.G.; Gammelgaard, O.L.; Pedersen, C.B.; Pedersen,
M.T.; Rattenborg, S.; et al. DNA methyltransferase inhibition promotes recruitment of myeloid-derived suppressor cells to the
tumor microenvironment through induction of tumor cell-intrinsic interleukin-1. Cancer Lett. 2023, 552, 215982. [CrossRef]

26. Corley, M.J.; Pang, A.P.S.; Dody, K.; Mudd, P.A.; Patterson, B.K.; Seethamraju, H.; Bram, Y.; Peluso, M.J.; Torres, L.; Iyer, N.S.; et al.
Genome-wide DNA methylation profiling of peripheral blood reveals an epigenetic signature associated with severe COVID-19.
J. Leukoc. Biol. 2021, 110, 21–26. [CrossRef] [PubMed]

27. Sterner, D.E.; Berger, S.L. Acetylation of histones and transcription-related factors. Microbiol. Mol. Biol. Rev. 2000, 64, 435–459.
[CrossRef] [PubMed]

28. Husain, M. Influenza A Virus and Acetylation: The Picture Is Becoming Clearer. Viruses 2024, 16, 131. [CrossRef] [PubMed]
29. Feng, Q.; Su, Z.; Song, S.; Chiu, H.; Zhang, B.; Yi, L.; Tian, M.; Wang, H. Histone deacetylase inhibitors suppress RSV infection

and alleviate virus-induced airway inflammation. Int. J. Mol. Med. 2016, 38, 812–822. [CrossRef] [PubMed]
30. Strahl, B.D.; Allis, C.D. The language of covalent histone modifications. Nature 2000, 403, 41–45. [CrossRef]

https://doi.org/10.3389/fcimb.2024.1359766
https://doi.org/10.3390/ncrna7010014
https://doi.org/10.1016/j.virusres.2022.198956
https://www.ncbi.nlm.nih.gov/pubmed/36208691
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1038/s41540-021-00181-x
https://doi.org/10.3390/genes12081198
https://www.ncbi.nlm.nih.gov/pubmed/34440372
https://doi.org/10.1038/s41598-018-19370-6
https://www.ncbi.nlm.nih.gov/pubmed/29352168
https://doi.org/10.1038/nrg3354
https://www.ncbi.nlm.nih.gov/pubmed/23400093
https://doi.org/10.1155/2020/1372494
https://www.ncbi.nlm.nih.gov/pubmed/32455136
https://doi.org/10.3390/v16020197
https://www.ncbi.nlm.nih.gov/pubmed/38399974
https://doi.org/10.1038/s41420-021-00515-y
https://www.ncbi.nlm.nih.gov/pubmed/34078875
https://doi.org/10.1093/infdis/jiac494
https://doi.org/10.1126/science.1891717
https://doi.org/10.1038/s41590-023-01661-4
https://doi.org/10.3389/fimmu.2018.00226
https://doi.org/10.4049/jimmunol.1800558
https://doi.org/10.3390/v15081646
https://doi.org/10.1128/JVI.01587-18
https://www.ncbi.nlm.nih.gov/pubmed/30651365
https://doi.org/10.1016/j.canlet.2022.215982
https://doi.org/10.1002/JLB.5HI0720-466R
https://www.ncbi.nlm.nih.gov/pubmed/33464637
https://doi.org/10.1128/MMBR.64.2.435-459.2000
https://www.ncbi.nlm.nih.gov/pubmed/10839822
https://doi.org/10.3390/v16010131
https://www.ncbi.nlm.nih.gov/pubmed/38257831
https://doi.org/10.3892/ijmm.2016.2691
https://www.ncbi.nlm.nih.gov/pubmed/27460781
https://doi.org/10.1038/47412


Pathogens 2025, 14, 129 30 of 41

31. Menachery, V.D.; Eisfeld, A.J.; Schafer, A.; Josset, L.; Sims, A.C.; Proll, S.; Fan, S.; Li, C.; Neumann, G.; Tilton, S.C.; et al. Pathogenic
influenza viruses and coronaviruses utilize similar and contrasting approaches to control interferon-stimulated gene responses.
mBio 2014, 5, e01174-01114. [CrossRef] [PubMed]

32. Lu, Y.; Stuart, J.H.; Talbot-Cooper, C.; Agrawal-Singh, S.; Huntly, B.; Smid, A.I.; Snowden, J.S.; Dupont, L.; Smith, G.L. Histone
deacetylase 4 promotes type I interferon signaling, restricts DNA viruses, and is degraded via vaccinia virus protein C6. Proc.
Natl. Acad. Sci. USA 2019, 116, 11997–12006. [CrossRef]

33. Guise, A.J.; Budayeva, H.G.; Diner, B.A.; Cristea, I.M. Histone deacetylases in herpesvirus replication and virus-stimulated host
defense. Viruses 2013, 5, 1607–1632. [CrossRef] [PubMed]

34. Kumar, P.P.; Purbey, P.K.; Ravi, D.S.; Mitra, D.; Galande, S. Displacement of SATB1-bound histone deacetylase 1 corepressor by
the human immunodeficiency virus type 1 transactivator induces expression of interleukin-2 and its receptor in T cells. Mol. Cell.
Biol. 2005, 25, 1620–1633. [CrossRef] [PubMed]

35. Xie, S.; Zhang, L.; Dong, D.; Ge, R.; He, Q.; Fan, C.; Xie, W.; Zhou, J.; Li, D.; Liu, M. HDAC6 regulates antibody-dependent
intracellular neutralization of viruses via deacetylation of TRIM21. J. Biol. Chem. 2020, 295, 14343–14351. [CrossRef] [PubMed]

36. Wang, Y.; Wang, K.; Fu, J. HDAC6 Mediates Poly (I:C)-Induced TBK1 and Akt Phosphorylation in Macrophages. Front. Immunol.
2020, 11, 1776. [CrossRef] [PubMed]

37. Menachery, V.D.; Schafer, A.; Burnum-Johnson, K.E.; Mitchell, H.D.; Eisfeld, A.J.; Walters, K.B.; Nicora, C.D.; Purvine, S.O.;
Casey, C.P.; Monroe, M.E.; et al. MERS-CoV and H5N1 influenza virus antagonize antigen presentation by altering the epigenetic
landscape. Proc. Natl. Acad. Sci. USA 2018, 115, E1012–E1021. [CrossRef]

38. Reyes, A.A.; Marcum, R.D.; He, Y. Structure and Function of Chromatin Remodelers. J. Mol. Biol. 2021, 433, 166929. [CrossRef]
39. Tyagi, M.; Imam, N.; Verma, K.; Patel, A.K. Chromatin remodelers: We are the drivers! Nucleus 2016, 7, 388–404. [CrossRef]

[PubMed]
40. Marfella, C.G.; Imbalzano, A.N. The Chd family of chromatin remodelers. Mutat. Res. 2007, 618, 30–40. [CrossRef] [PubMed]
41. Wei, J.; Patil, A.; Collings, C.K.; Alfajaro, M.M.; Liang, Y.; Cai, W.L.; Strine, M.S.; Filler, R.B.; DeWeirdt, P.C.; Hanna, R.E.; et al.

Pharmacological disruption of mSWI/SNF complex activity restricts SARS-CoV-2 infection. Nat. Genet. 2023, 55, 471–483.
[CrossRef] [PubMed]

42. Wei, J.; Alfajaro, M.M.; DeWeirdt, P.C.; Hanna, R.E.; Lu-Culligan, W.J.; Cai, W.L.; Strine, M.S.; Zhang, S.M.; Graziano, V.R.; Schmitz,
C.O.; et al. Genome-wide CRISPR Screens Reveal Host Factors Critical for SARS-CoV-2 Infection. Cell 2021, 184, 76–91.e13.
[CrossRef] [PubMed]

43. Lu, F.; Tellier, M. CRISPRing for host genes regulating SARS-CoV-2. Nat. Rev. Immunol. 2020, 20, 518. [CrossRef]
44. Neufeldt, C.J.; Cerikan, B.; Cortese, M.; Frankish, J.; Lee, J.Y.; Plociennikowska, A.; Heigwer, F.; Prasad, V.; Joecks, S.; Burkart, S.S.;

et al. SARS-CoV-2 infection induces a pro-inflammatory cytokine response through cGAS-STING and NF-kappaB. Commun. Biol.
2022, 5, 45. [CrossRef]

45. Xu, X.; Qiao, D.; Dong, C.; Mann, M.; Garofalo, R.P.; Keles, S.; Brasier, A.R. The SWI/SNF-Related, Matrix Associated, Actin-
Dependent Regulator of Chromatin A4 Core Complex Represses Respiratory Syncytial Virus-Induced Syncytia Formation and
Subepithelial Myofibroblast Transition. Front. Immunol. 2021, 12, 633654. [CrossRef] [PubMed]

46. Zhu, X.; Hong, S.; Bu, J.; Liu, Y.; Liu, C.; Li, R.; Zhang, T.; Zhang, Z.; Li, L.; Zhou, X.; et al. Antiviral memory B cells exhibit
enhanced innate immune response facilitated by epigenetic memory. Sci. Adv. 2024, 10, eadk0858. [CrossRef]

47. Caldwell, B.A.; Wu, Y.; Wang, J.; Li, L. Altered DNA methylation underlies monocyte dysregulation and immune exhaustion
memory in sepsis. Cell Rep. 2024, 43, 113894. [CrossRef]

48. Alahdal, M.; Elkord, E. Exhaustion and over-activation of immune cells in COVID-19: Challenges and therapeutic opportunities.
Clin. Immunol. 2022, 245, 109177. [CrossRef]

49. Brunell, A.E.; Lahesmaa, R.; Autio, A.; Thotakura, A.K. Exhausted T cells hijacking the cancer-immunity cycle: Assets and
liabilities. Front. Immunol. 2023, 14, 1151632. [CrossRef]

50. Wang, T.; Zhang, J.; Wang, Y.; Li, Y.; Wang, L.; Yu, Y.; Yao, Y. Influenza-trained mucosal-resident alveolar macrophages confer
long-term antitumor immunity in the lungs. Nat. Immunol. 2023, 24, 423–438. [CrossRef]

51. Aegerter, H.; Kulikauskaite, J.; Crotta, S.; Patel, H.; Kelly, G.; Hessel, E.M.; Mack, M.; Beinke, S.; Wack, A. Influenza-induced
monocyte-derived alveolar macrophages confer prolonged antibacterial protection. Nat. Immunol. 2020, 21, 145–157. [CrossRef]
[PubMed]

52. Bhatti, G.K.; Khullar, N.; Sidhu, I.S.; Navik, U.S.; Reddy, A.P.; Reddy, P.H.; Bhatti, J.S. Emerging role of non-coding RNA in health
and disease. Metab. Brain Dis. 2021, 36, 1119–1134. [CrossRef] [PubMed]

53. Liu, X.; Xiong, W.; Ye, M.; Lu, T.; Yuan, K.; Chang, S.; Han, Y.; Wang, Y.; Lu, L.; Bao, Y. Non-coding RNAs expression in
SARS-CoV-2 infection: Pathogenesis, clinical significance, and therapeutic targets. Signal Transduct. Target. Ther. 2023, 8, 441.
[CrossRef]

54. Shekhar, R.; Kumari, S.; Vergish, S.; Tripathi, P. The crosstalk between miRNAs and signaling pathways in human cancers:
Potential therapeutic implications. Int. Rev. Cell Mol. Biol. 2024, 386, 133–165. [CrossRef]

https://doi.org/10.1128/mBio.01174-14
https://www.ncbi.nlm.nih.gov/pubmed/24846384
https://doi.org/10.1073/pnas.1816399116
https://doi.org/10.3390/v5071607
https://www.ncbi.nlm.nih.gov/pubmed/23807710
https://doi.org/10.1128/MCB.25.5.1620-1633.2005
https://www.ncbi.nlm.nih.gov/pubmed/15713622
https://doi.org/10.1074/jbc.RA119.011006
https://www.ncbi.nlm.nih.gov/pubmed/32796032
https://doi.org/10.3389/fimmu.2020.01776
https://www.ncbi.nlm.nih.gov/pubmed/32849638
https://doi.org/10.1073/pnas.1706928115
https://doi.org/10.1016/j.jmb.2021.166929
https://doi.org/10.1080/19491034.2016.1211217
https://www.ncbi.nlm.nih.gov/pubmed/27429206
https://doi.org/10.1016/j.mrfmmm.2006.07.012
https://www.ncbi.nlm.nih.gov/pubmed/17350655
https://doi.org/10.1038/s41588-023-01307-z
https://www.ncbi.nlm.nih.gov/pubmed/36894709
https://doi.org/10.1016/j.cell.2020.10.028
https://www.ncbi.nlm.nih.gov/pubmed/33147444
https://doi.org/10.1038/s41577-020-0400-8
https://doi.org/10.1038/s42003-021-02983-5
https://doi.org/10.3389/fimmu.2021.633654
https://www.ncbi.nlm.nih.gov/pubmed/33732255
https://doi.org/10.1126/sciadv.adk0858
https://doi.org/10.1016/j.celrep.2024.113894
https://doi.org/10.1016/j.clim.2022.109177
https://doi.org/10.3389/fimmu.2023.1151632
https://doi.org/10.1038/s41590-023-01428-x
https://doi.org/10.1038/s41590-019-0568-x
https://www.ncbi.nlm.nih.gov/pubmed/31932810
https://doi.org/10.1007/s11011-021-00739-y
https://www.ncbi.nlm.nih.gov/pubmed/33881724
https://doi.org/10.1038/s41392-023-01669-0
https://doi.org/10.1016/bs.ircmb.2023.12.001


Pathogens 2025, 14, 129 31 of 41

55. Abbasi-Kolli, M.; Sadri Nahand, J.; Kiani, S.J.; Khanaliha, K.; Khatami, A.; Taghizadieh, M.; Torkamani, A.R.; Babakhaniyan, K.;
Bokharaei-Salim, F. The expression patterns of MALAT-1, NEAT-1, THRIL, and miR-155-5p in the acute to the post-acute phase of
COVID-19 disease. Braz. J. Infect. Dis. 2022, 26, 102354. [CrossRef]

56. Gaytan-Pacheco, N.; Ibanez-Salazar, A.; Herrera-Van Oostdam, A.S.; Oropeza-Valdez, J.J.; Magana-Aquino, M.; Adrian Lopez, J.;
Monarrez-Espino, J.; Lopez-Hernandez, Y. miR-146a, miR-221, and miR-155 are Involved in Inflammatory Immune Response in
Severe COVID-19 Patients. Diagnostics 2022, 13, 133. [CrossRef] [PubMed]

57. Hardin, L.T.; Xiao, N. miRNAs: The Key Regulator of COVID-19 Disease. Int. J. Cell Biol. 2022, 2022, 1645366. [CrossRef]
[PubMed]

58. Waring, B.M.; Sjaastad, L.E.; Fiege, J.K.; Fay, E.J.; Reyes, I.; Moriarity, B.; Langlois, R.A. MicroRNA-Based Attenuation of Influenza
Virus across Susceptible Hosts. J. Virol. 2018, 92. [CrossRef]

59. Sajjad, N.; Wang, S.; Liu, P.; Chen, J.L.; Chi, X.; Liu, S.; Ma, S. Functional Roles of Non-coding RNAs in the Interaction Between
Host and Influenza A Virus. Front. Microbiol. 2021, 12, 742984. [CrossRef]

60. Mattick, J.S.; Amaral, P.P.; Carninci, P.; Carpenter, S.; Chang, H.Y.; Chen, L.L.; Chen, R.; Dean, C.; Dinger, M.E.; Fitzgerald, K.A.;
et al. Long non-coding RNAs: Definitions, functions, challenges and recommendations. Nat. Rev. Mol. Cell Biol. 2023, 24, 430–447.
[CrossRef]

61. Wang, Z.; Zhao, Y.; Zhang, Y. Viral lncRNA: A regulatory molecule for controlling virus life cycle. Noncoding RNA Res. 2017, 2,
38–44. [CrossRef] [PubMed]

62. Milcamps, R.; Michiels, T. Involvement of paraspeckle components in viral infections. Nucleus 2024, 15, 2350178. [CrossRef]
[PubMed]

63. Huang, K.; Wang, C.; Vagts, C.; Raguveer, V.; Finn, P.W.; Perkins, D.L. Long non-coding RNAs (lncRNAs) NEAT1 and MALAT1
are differentially expressed in severe COVID-19 patients: An integrated single-cell analysis. PLoS ONE 2022, 17, e0261242.
[CrossRef] [PubMed]

64. Zhang, H.; He, F.; Li, P.; Hardwidge, P.R.; Li, N.; Peng, Y. The Role of Innate Immunity in Pulmonary Infections. Biomed. Res. Int.
2021, 2021, 6646071. [CrossRef]

65. Thompson, M.R.; Kaminski, J.J.; Kurt-Jones, E.A.; Fitzgerald, K.A. Pattern recognition receptors and the innate immune response
to viral infection. Viruses 2011, 3, 920–940. [CrossRef]

66. Gurtler, C.; Bowie, A.G. Innate immune detection of microbial nucleic acids. Trends Microbiol. 2013, 21, 413–420. [CrossRef]
67. Wiese, K.M.; Coates, B.M.; Ridge, K.M. The Role of Nucleotide-Binding Oligomerization Domain-Like Receptors in Pulmonary

Infection. Am. J. Respir. Cell Mol. Biol. 2017, 57, 151–161. [CrossRef]
68. Yokota, S.; Okabayashi, T.; Fujii, N. The battle between virus and host: Modulation of Toll-like receptor signaling pathways by

virus infection. Mediators Inflamm. 2010, 2010, 184328. [CrossRef]
69. Lani, R.; Thariq, I.M.; Suhaimi, N.S.; Hassandarvish, P.; Abu Bakar, S. From defense to offense: Modulating toll-like receptors to

combat arbovirus infections. Hum. Vaccin. Immunother. 2024, 20, 2306675. [CrossRef] [PubMed]
70. Agarwal, M.; Kumar, M.; Pathak, R.; Bala, K.; Kumar, A. Exploring TLR signaling pathways as promising targets in cervical

cancer: The road less traveled. Int. Rev. Cell Mol. Biol. 2024, 385, 227–261. [CrossRef]
71. Lester, S.N.; Li, K. Toll-like receptors in antiviral innate immunity. J. Mol. Biol. 2014, 426, 1246–1264. [CrossRef]
72. Mantovani, S.; Oliviero, B.; Varchetta, S.; Renieri, A.; Mondelli, M.U. TLRs: Innate Immune Sentries against SARS-CoV-2 Infection.

Int. J. Mol. Sci. 2023, 24, 8065. [CrossRef] [PubMed]
73. Carty, M.; Guy, C.; Bowie, A.G. Detection of Viral Infections by Innate Immunity. Biochem. Pharmacol. 2021, 183, 114316. [CrossRef]

[PubMed]
74. Xu, Q.; Tang, Y.; Huang, G. Innate immune responses in RNA viral infection. Front. Med. 2021, 15, 333–346. [CrossRef]
75. Kouwaki, T.; Nishimura, T.; Wang, G.; Oshiumi, H. RIG-I-Like Receptor-Mediated Recognition of Viral Genomic RNA of Severe

Acute Respiratory Syndrome Coronavirus-2 and Viral Escape From the Host Innate Immune Responses. Front. Immunol. 2021,
12, 700926. [CrossRef] [PubMed]

76. Rehwinkel, J.; Gack, M.U. RIG-I-like receptors: Their regulation and roles in RNA sensing. Nat. Rev. Immunol. 2020, 20, 537–551.
[CrossRef] [PubMed]

77. Kell, A.M.; Gale, M., Jr. RIG-I in RNA virus recognition. Virology 2015, 479–480, 110–121. [CrossRef]
78. Kato, H.; Takeuchi, O.; Sato, S.; Yoneyama, M.; Yamamoto, M.; Matsui, K.; Uematsu, S.; Jung, A.; Kawai, T.; Ishii, K.J.; et al.

Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses. Nature 2006, 441, 101–105. [CrossRef]
79. Gitlin, L.; Barchet, W.; Gilfillan, S.; Cella, M.; Beutler, B.; Flavell, R.A.; Diamond, M.S.; Colonna, M. Essential role of mda-5 in type

I IFN responses to polyriboinosinic:polyribocytidylic acid and encephalomyocarditis picornavirus. Proc. Natl. Acad. Sci. USA
2006, 103, 8459–8464. [CrossRef]

80. Deddouche, S.; Goubau, D.; Rehwinkel, J.; Chakravarty, P.; Begum, S.; Maillard, P.V.; Borg, A.; Matthews, N.; Feng, Q.; van
Kuppeveld, F.J.; et al. Identification of an LGP2-associated MDA5 agonist in picornavirus-infected cells. Elife 2014, 3, e01535.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.bjid.2022.102354
https://doi.org/10.3390/diagnostics13010133
https://www.ncbi.nlm.nih.gov/pubmed/36611425
https://doi.org/10.1155/2022/1645366
https://www.ncbi.nlm.nih.gov/pubmed/36345541
https://doi.org/10.1128/JVI.01741-17
https://doi.org/10.3389/fmicb.2021.742984
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1016/j.ncrna.2017.03.002
https://www.ncbi.nlm.nih.gov/pubmed/30159419
https://doi.org/10.1080/19491034.2024.2350178
https://www.ncbi.nlm.nih.gov/pubmed/38717150
https://doi.org/10.1371/journal.pone.0261242
https://www.ncbi.nlm.nih.gov/pubmed/35007307
https://doi.org/10.1155/2021/6646071
https://doi.org/10.3390/v3060920
https://doi.org/10.1016/j.tim.2013.04.004
https://doi.org/10.1165/rcmb.2016-0375TR
https://doi.org/10.1155/2010/184328
https://doi.org/10.1080/21645515.2024.2306675
https://www.ncbi.nlm.nih.gov/pubmed/38263674
https://doi.org/10.1016/bs.ircmb.2023.11.005
https://doi.org/10.1016/j.jmb.2013.11.024
https://doi.org/10.3390/ijms24098065
https://www.ncbi.nlm.nih.gov/pubmed/37175768
https://doi.org/10.1016/j.bcp.2020.114316
https://www.ncbi.nlm.nih.gov/pubmed/33152343
https://doi.org/10.1007/s11684-020-0776-7
https://doi.org/10.3389/fimmu.2021.700926
https://www.ncbi.nlm.nih.gov/pubmed/34249006
https://doi.org/10.1038/s41577-020-0288-3
https://www.ncbi.nlm.nih.gov/pubmed/32203325
https://doi.org/10.1016/j.virol.2015.02.017
https://doi.org/10.1038/nature04734
https://doi.org/10.1073/pnas.0603082103
https://doi.org/10.7554/eLife.01535
https://www.ncbi.nlm.nih.gov/pubmed/24550253


Pathogens 2025, 14, 129 32 of 41

81. van der Veen, A.G.; Maillard, P.V.; Schmidt, J.M.; Lee, S.A.; Deddouche-Grass, S.; Borg, A.; Kjaer, S.; Snijders, A.P.; Reis e Sousa, C.
The RIG-I-like receptor LGP2 inhibits Dicer-dependent processing of long double-stranded RNA and blocks RNA interference in
mammalian cells. EMBO J. 2018, 37, e97479. [CrossRef]

82. Shibata, K.; Moriizumi, H.; Onomoto, K.; Kaneko, Y.; Miyakawa, T.; Zenno, S.; Tanokura, M.; Yoneyama, M.; Takahashi, T.;
Ui-Tei, K. Caspase-mediated processing of TRBP regulates apoptosis during viral infection. Nucleic Acids Res. 2024, 52, 5209–5225.
[CrossRef]

83. Shrestha, B.; Diamond, M.S. Role of CD8+ T cells in control of West Nile virus infection. J. Virol. 2004, 78, 8312–8321. [CrossRef]
84. Godkowicz, M.; Druszczynska, M. NOD1, NOD2, and NLRC5 Receptors in Antiviral and Antimycobacterial Immunity. Vaccines

2022, 10, 1487. [CrossRef]
85. Zheng, C. The emerging roles of NOD-like receptors in antiviral innate immune signaling pathways. Int. J. Biol. Macromol. 2021,

169, 407–413. [CrossRef]
86. Garcia-Vidal, E.; Calba, I.; Riveira-Munoz, E.; Garcia, E.; Clotet, B.; Serra-Mitja, P.; Cabrera, C.; Ballana, E.; Badia, R. Nucleotide-

Binding Oligomerization Domain 1 (NOD1) Agonists Prevent SARS-CoV-2 Infection in Human Lung Epithelial Cells through
Harnessing the Innate Immune Response. Int. J. Mol. Sci. 2024, 25, 5318. [CrossRef]

87. Brubaker, S.W.; Bonham, K.S.; Zanoni, I.; Kagan, J.C. Innate immune pattern recognition: A cell biological perspective. Annu. Rev.
Immunol. 2015, 33, 257–290. [CrossRef]

88. Sabbah, A.; Chang, T.H.; Harnack, R.; Frohlich, V.; Tominaga, K.; Dube, P.H.; Xiang, Y.; Bose, S. Activation of innate immune
antiviral responses by Nod2. Nat. Immunol. 2009, 10, 1073–1080. [CrossRef]

89. Li, D.; Wu, M. Pattern recognition receptors in health and diseases. Signal Transduct. Target. Ther. 2021, 6, 291. [CrossRef]
90. Ori, D.; Murase, M.; Kawai, T. Cytosolic nucleic acid sensors and innate immune regulation. Int. Rev. Immunol. 2017, 36, 74–88.

[CrossRef]
91. Almine, J.F.; O’Hare, C.A.; Dunphy, G.; Haga, I.R.; Naik, R.J.; Atrih, A.; Connolly, D.J.; Taylor, J.; Kelsall, I.R.; Bowie, A.G.; et al.

IFI16 and cGAS cooperate in the activation of STING during DNA sensing in human keratinocytes. Nat. Commun. 2017, 8, 14392.
[CrossRef]

92. Dell’Oste, V.; Gatti, D.; Gugliesi, F.; De Andrea, M.; Bawadekar, M.; Lo Cigno, I.; Biolatti, M.; Vallino, M.; Marschall, M.; Gariglio,
M.; et al. Innate nuclear sensor IFI16 translocates into the cytoplasm during the early stage of in vitro human cytomegalovirus
infection and is entrapped in the egressing virions during the late stage. J. Virol. 2014, 88, 6970–6982. [CrossRef]

93. Bawadekar, M.; De Andrea, M.; Lo Cigno, I.; Baldanzi, G.; Caneparo, V.; Graziani, A.; Landolfo, S.; Gariglio, M. The Extracellular
IFI16 Protein Propagates Inflammation in Endothelial Cells Via p38 MAPK and NF-kappaB p65 Activation. J. Interferon Cytokine
Res. 2015, 35, 441–453. [CrossRef]

94. Gariano, G.R.; Dell’Oste, V.; Bronzini, M.; Gatti, D.; Luganini, A.; De Andrea, M.; Gribaudo, G.; Gariglio, M.; Landolfo, S.
The intracellular DNA sensor IFI16 gene acts as restriction factor for human cytomegalovirus replication. PLoS Pathog. 2012,
8, e1002498. [CrossRef]

95. Lo Cigno, I.; De Andrea, M.; Borgogna, C.; Albertini, S.; Landini, M.M.; Peretti, A.; Johnson, K.E.; Chandran, B.; Landolfo,
S.; Gariglio, M. The Nuclear DNA Sensor IFI16 Acts as a Restriction Factor for Human Papillomavirus Replication through
Epigenetic Modifications of the Viral Promoters. J. Virol. 2015, 89, 7506–7520. [CrossRef]

96. Bermejo-Jambrina, M.; Eder, J.; Helgers, L.C.; Hertoghs, N.; Nijmeijer, B.M.; Stunnenberg, M.; Geijtenbeek, T.B.H. C-Type Lectin
Receptors in Antiviral Immunity and Viral Escape. Front. Immunol. 2018, 9, 590. [CrossRef]

97. Geijtenbeek, T.B.; Gringhuis, S.I. Signalling through C-type lectin receptors: Shaping immune responses. Nat. Rev. Immunol. 2009,
9, 465–479. [CrossRef]

98. Monteiro, J.T.; Lepenies, B. Myeloid C-Type Lectin Receptors in Viral Recognition and Antiviral Immunity. Viruses 2017, 9, 59.
[CrossRef]

99. Ribeiro, C.M.; Sarrami-Forooshani, R.; Setiawan, L.C.; Zijlstra-Willems, E.M.; van Hamme, J.L.; Tigchelaar, W.; van der Wel, N.N.;
Kootstra, N.A.; Gringhuis, S.I.; Geijtenbeek, T.B. Receptor usage dictates HIV-1 restriction by human TRIM5alpha in dendritic cell
subsets. Nature 2016, 540, 448–452. [CrossRef]

100. Riboldi, E.; Daniele, R.; Parola, C.; Inforzato, A.; Arnold, P.L.; Bosisio, D.; Fremont, D.H.; Bastone, A.; Colonna, M.; Sozzani, S.
Human C-type lectin domain family 4, member C (CLEC4C/BDCA-2/CD303) is a receptor for asialo-galactosyl-oligosaccharides.
J. Biol. Chem. 2011, 286, 35329–35333. [CrossRef]

101. Cao, W.; Zhang, L.; Rosen, D.B.; Bover, L.; Watanabe, G.; Bao, M.; Lanier, L.L.; Liu, Y.J. BDCA2/Fc epsilon RI gamma complex
signals through a novel BCR-like pathway in human plasmacytoid dendritic cells. PLoS Biol. 2007, 5, e248. [CrossRef] [PubMed]

102. Pellerin, A.; Otero, K.; Czerkowicz, J.M.; Kerns, H.M.; Shapiro, R.I.; Ranger, A.M.; Otipoby, K.L.; Taylor, F.R.; Cameron, T.O.;
Viney, J.L.; et al. Anti-BDCA2 monoclonal antibody inhibits plasmacytoid dendritic cell activation through Fc-dependent and
Fc-independent mechanisms. EMBO Mol. Med. 2015, 7, 464–476. [CrossRef]

103. Nijmeijer, B.M.; Bermejo-Jambrina, M.; Kaptein, T.M.; Ribeiro, C.M.S.; Wilflingseder, D.; Geijtenbeek, T.B.H. HIV-1 subverts the
complement system in semen to enhance viral transmission. Mucosal Immunol. 2021, 14, 743–750. [CrossRef]

https://doi.org/10.15252/embj.201797479
https://doi.org/10.1093/nar/gkae246
https://doi.org/10.1128/JVI.78.15.8312-8321.2004
https://doi.org/10.3390/vaccines10091487
https://doi.org/10.1016/j.ijbiomac.2020.12.127
https://doi.org/10.3390/ijms25105318
https://doi.org/10.1146/annurev-immunol-032414-112240
https://doi.org/10.1038/ni.1782
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1080/08830185.2017.1298749
https://doi.org/10.1038/ncomms14392
https://doi.org/10.1128/JVI.00384-14
https://doi.org/10.1089/jir.2014.0168
https://doi.org/10.1371/journal.ppat.1002498
https://doi.org/10.1128/JVI.00013-15
https://doi.org/10.3389/fimmu.2018.00590
https://doi.org/10.1038/nri2569
https://doi.org/10.3390/v9030059
https://doi.org/10.1038/nature20567
https://doi.org/10.1074/jbc.C111.290494
https://doi.org/10.1371/journal.pbio.0050248
https://www.ncbi.nlm.nih.gov/pubmed/17850179
https://doi.org/10.15252/emmm.201404719
https://doi.org/10.1038/s41385-021-00376-9


Pathogens 2025, 14, 129 33 of 41

104. Smith, C.M.; Belz, G.T.; Wilson, N.S.; Villadangos, J.A.; Shortman, K.; Carbone, F.R.; Heath, W.R. Cutting edge: Conventional CD8
alpha+ dendritic cells are preferentially involved in CTL priming after footpad infection with herpes simplex virus-1. J. Immunol.
2003, 170, 4437–4440. [CrossRef]

105. Iborra, S.; Izquierdo, H.M.; Martinez-Lopez, M.; Blanco-Menendez, N.; Reis e Sousa, C.; Sancho, D. The DC receptor DNGR-1
mediates cross-priming of CTLs during vaccinia virus infection in mice. J. Clin. Investig. 2012, 122, 1628–1643. [CrossRef]

106. Neth, O.; Jack, D.L.; Johnson, M.; Klein, N.J.; Turner, M.W. Enhancement of complement activation and opsonophagocytosis by
complexes of mannose-binding lectin with mannose-binding lectin-associated serine protease after binding to Staphylococcus
aureus. J. Immunol. 2002, 169, 4430–4436. [CrossRef]

107. Yu, Q.; Yu, R.; Qin, X. The good and evil of complement activation in HIV-1 infection. Cell. Mol. Immunol. 2010, 7, 334–340.
[CrossRef]

108. Paschos, K.; Allday, M.J. Epigenetic reprogramming of host genes in viral and microbial pathogenesis. Trends Microbiol. 2010, 18,
439–447. [CrossRef]

109. Balakrishnan, L.; Milavetz, B. Epigenetic Regulation of Viral Biological Processes. Viruses 2017, 9, 346. [CrossRef]
110. Javanian, M.; Barary, M.; Ghebrehewet, S.; Koppolu, V.; Vasigala, V.; Ebrahimpour, S. A brief review of influenza virus infection. J.

Med. Virol. 2021, 93, 4638–4646. [CrossRef]
111. Long, J.S.; Mistry, B.; Haslam, S.M.; Barclay, W.S. Host and viral determinants of influenza A virus species specificity. Nat. Rev.

Microbiol. 2019, 17, 67–81. [CrossRef]
112. Tscherne, D.M.; Garcia-Sastre, A. Virulence determinants of pandemic influenza viruses. J. Clin. Investig. 2011, 121, 6–13.

[CrossRef]
113. Mondal, A.; Potts, G.K.; Dawson, A.R.; Coon, J.J.; Mehle, A. Phosphorylation at the homotypic interface regulates nucleoprotein

oligomerization and assembly of the influenza virus replication machinery. PLoS Pathog. 2015, 11, e1004826. [CrossRef]
114. Turrell, L.; Hutchinson, E.C.; Vreede, F.T.; Fodor, E. Regulation of influenza A virus nucleoprotein oligomerization by phosphory-

lation. J. Virol. 2015, 89, 1452–1455. [CrossRef]
115. Gabriel, G.; Herwig, A.; Klenk, H.D. Interaction of polymerase subunit PB2 and NP with importin alpha1 is a determinant of host

range of influenza A virus. PLoS Pathog. 2008, 4, e11. [CrossRef]
116. Nakada, R.; Hirano, H.; Matsuura, Y. Structure of importin-alpha bound to a non-classical nuclear localization signal of the

influenza A virus nucleoprotein. Sci. Rep. 2015, 5, 15055. [CrossRef]
117. Han, Q.; Chang, C.; Li, L.; Klenk, C.; Cheng, J.; Chen, Y.; Xia, N.; Shu, Y.; Chen, Z.; Gabriel, G.; et al. Sumoylation of influenza A

virus nucleoprotein is essential for intracellular trafficking and virus growth. J. Virol. 2014, 88, 9379–9390. [CrossRef]
118. Zheng, W.; Li, J.; Wang, S.; Cao, S.; Jiang, J.; Chen, C.; Ding, C.; Qin, C.; Ye, X.; Gao, G.F.; et al. Phosphorylation controls the

nuclear-cytoplasmic shuttling of influenza A virus nucleoprotein. J. Virol. 2015, 89, 5822–5834. [CrossRef]
119. Liao, T.L.; Wu, C.Y.; Su, W.C.; Jeng, K.S.; Lai, M.M. Ubiquitination and deubiquitination of NP protein regulates influenza A virus

RNA replication. EMBO J. 2010, 29, 3879–3890. [CrossRef]
120. Lin, Y.C.; Jeng, K.S.; Lai, M.M.C. CNOT4-Mediated Ubiquitination of Influenza A Virus Nucleoprotein Promotes Viral RNA

Replication. mBio 2017, 8. [CrossRef]
121. Giese, S.; Ciminski, K.; Bolte, H.; Moreira, E.A.; Lakdawala, S.; Hu, Z.; David, Q.; Kolesnikova, L.; Gotz, V.; Zhao, Y.; et al. Role of

influenza A virus NP acetylation on viral growth and replication. Nat. Commun. 2017, 8, 1259. [CrossRef]
122. Hatakeyama, D.; Shoji, M.; Yamayoshi, S.; Yoh, R.; Ohmi, N.; Takenaka, S.; Saitoh, A.; Arakaki, Y.; Masuda, A.; Komatsu, T.; et al.

Influenza A virus nucleoprotein is acetylated by histone acetyltransferases PCAF and GCN5. J. Biol. Chem. 2018, 293, 7126–7138.
[CrossRef]

123. Chen, L.; Wang, C.; Luo, J.; Su, W.; Li, M.; Zhao, N.; Lyu, W.; Attaran, H.; He, Y.; Ding, H.; et al. Histone Deacetylase 1 Plays an
Acetylation-Independent Role in Influenza A Virus Replication. Front. Immunol. 2017, 8, 1757. [CrossRef] [PubMed]

124. Liu, Y.; You, Y.; Lu, Z.; Yang, J.; Li, P.; Liu, L.; Xu, H.; Niu, Y.; Cao, X. N (6)-methyladenosine RNA modification-mediated cellular
metabolism rewiring inhibits viral replication. Science 2019, 365, 1171–1176. [CrossRef] [PubMed]

125. Zhao, Y.; Shi, Y.; Shen, H.; Xie, W. m(6)A-binding proteins: The emerging crucial performers in epigenetics. J. Hematol. Oncol.
2020, 13, 35. [CrossRef] [PubMed]

126. Chen, J.; Wei, X.; Wang, X.; Liu, T.; Zhao, Y.; Chen, L.; Luo, Y.; Du, H.; Li, Y.; Liu, T.; et al. TBK1-METTL3 axis facilitates antiviral
immunity. Cell Rep. 2022, 38, 110373. [CrossRef]

127. Winkler, R.; Gillis, E.; Lasman, L.; Safra, M.; Geula, S.; Soyris, C.; Nachshon, A.; Tai-Schmiedel, J.; Friedman, N.; Le-Trilling, V.T.K.;
et al. m(6)A modification controls the innate immune response to infection by targeting type I interferons. Nat. Immunol. 2019, 20,
173–182. [CrossRef]

128. Xia, B.; Lu, J.; Wang, R.; Yang, Z.; Zhou, X.; Huang, P. miR-21-3p Regulates Influenza A Virus Replication by Targeting Histone
Deacetylase-8. Front. Cell Infect. Microbiol. 2018, 8, 175. [CrossRef]

https://doi.org/10.4049/jimmunol.170.9.4437
https://doi.org/10.1172/JCI60660
https://doi.org/10.4049/jimmunol.169.8.4430
https://doi.org/10.1038/cmi.2010.8
https://doi.org/10.1016/j.tim.2010.07.003
https://doi.org/10.3390/v9110346
https://doi.org/10.1002/jmv.26990
https://doi.org/10.1038/s41579-018-0115-z
https://doi.org/10.1172/JCI44947
https://doi.org/10.1371/journal.ppat.1004826
https://doi.org/10.1128/JVI.02332-14
https://doi.org/10.1371/journal.ppat.0040011
https://doi.org/10.1038/srep15055
https://doi.org/10.1128/JVI.00509-14
https://doi.org/10.1128/JVI.00015-15
https://doi.org/10.1038/emboj.2010.250
https://doi.org/10.1128/mBio.00597-17
https://doi.org/10.1038/s41467-017-01112-3
https://doi.org/10.1074/jbc.RA117.001683
https://doi.org/10.3389/fimmu.2017.01757
https://www.ncbi.nlm.nih.gov/pubmed/29312300
https://doi.org/10.1126/science.aax4468
https://www.ncbi.nlm.nih.gov/pubmed/31439758
https://doi.org/10.1186/s13045-020-00872-8
https://www.ncbi.nlm.nih.gov/pubmed/32276589
https://doi.org/10.1016/j.celrep.2022.110373
https://doi.org/10.1038/s41590-018-0275-z
https://doi.org/10.3389/fcimb.2018.00175


Pathogens 2025, 14, 129 34 of 41

129. Shi, T.; McAllister, D.A.; O’Brien, K.L.; Simoes, E.A.F.; Madhi, S.A.; Gessner, B.D.; Polack, F.P.; Balsells, E.; Acacio, S.; Aguayo, C.;
et al. Global, regional, and national disease burden estimates of acute lower respiratory infections due to respiratory syncytial
virus in young children in 2015: A systematic review and modelling study. Lancet 2017, 390, 946–958. [CrossRef]

130. Liu, C.; Xiang, Y.; Tan, Y.; Qin, X. Involvement of epigenetic modification in epithelial immune responses during respiratory
syncytial virus infection. Microb. Pathog. 2019, 130, 186–189. [CrossRef]

131. Xu, X.; Qiao, D.; Mann, M.; Garofalo, R.P.; Brasier, A.R. Respiratory Syncytial Virus Infection Induces Chromatin Remodeling to
Activate Growth Factor and Extracellular Matrix Secretion Pathways. Viruses 2020, 12, 804. [CrossRef]

132. Pischedda, S.; Rivero-Calle, I.; Gomez-Carballa, A.; Cebey-Lopez, M.; Barral-Arca, R.; Gomez-Rial, J.; Pardo-Seco, J.; Curras-Tuala,
M.J.; Viz-Lasheras, S.; Bello, X.; et al. Role and Diagnostic Performance of Host Epigenome in Respiratory Morbidity after RSV
Infection: The EPIRESVi Study. Front. Immunol. 2022, 13, 875691. [CrossRef]

133. Elgizouli, M.; Logan, C.; Grychtol, R.; Rothenbacher, D.; Nieters, A.; Heinzmann, A. Reduced PRF1 enhancer methylation in
children with a history of severe RSV bronchiolitis in infancy: An association study. BMC Pediatr. 2017, 17, 65. [CrossRef]

134. Wang, L.; Wu, G.; Qin, X.; Ma, Q.; Zhou, Y.; Liu, S.; Tan, Y. Expression of Nodal on Bronchial Epithelial Cells Influenced by Lung
Microbes Through DNA Methylation Modulates the Differentiation of T-Helper Cells. Cell Physiol. Biochem. 2015, 37, 2012–2022.
[CrossRef]

135. Ptaschinski, C.; Mukherjee, S.; Moore, M.L.; Albert, M.; Helin, K.; Kunkel, S.L.; Lukacs, N.W. RSV-Induced H3K4 Demethylase
KDM5B Leads to Regulation of Dendritic Cell-Derived Innate Cytokines and Exacerbates Pathogenesis In Vivo. PLoS Pathog.
2015, 11, e1004978. [CrossRef] [PubMed]

136. Nagata, D.E.; Ting, H.A.; Cavassani, K.A.; Schaller, M.A.; Mukherjee, S.; Ptaschinski, C.; Kunkel, S.L.; Lukacs, N.W. Epigenetic
control of Foxp3 by SMYD3 H3K4 histone methyltransferase controls iTreg development and regulates pathogenic T-cell responses
during pulmonary viral infection. Mucosal Immunol. 2015, 8, 1131–1143. [CrossRef] [PubMed]

137. Gern, J.E. The ABCs of rhinoviruses, wheezing, and asthma. J. Virol. 2010, 84, 7418–7426. [CrossRef]
138. Corne, J.M.; Marshall, C.; Smith, S.; Schreiber, J.; Sanderson, G.; Holgate, S.T.; Johnston, S.L. Frequency, severity, and duration

of rhinovirus infections in asthmatic and non-asthmatic individuals: A longitudinal cohort study. Lancet 2002, 359, 831–834.
[CrossRef]

139. Pech, M.; Weckmann, M.; Konig, I.R.; Franke, A.; Heinsen, F.A.; Oliver, B.; Ricklefs, I.; Fuchs, O.; Rabe, K.; Hansen, G.; et al.
Rhinovirus infections change DNA methylation and mRNA expression in children with asthma. PLoS ONE 2018, 13, e0205275.
[CrossRef] [PubMed]

140. van den Hoogen, B.G.; Herfst, S.; Sprong, L.; Cane, P.A.; Forleo-Neto, E.; de Swart, R.L.; Osterhaus, A.D.; Fouchier, R.A. Antigenic
and genetic variability of human metapneumoviruses. Emerg. Infect. Dis. 2004, 10, 658–666. [CrossRef]

141. Biacchesi, S.; Skiadopoulos, M.H.; Boivin, G.; Hanson, C.T.; Murphy, B.R.; Collins, P.L.; Buchholz, U.J. Genetic diversity between
human metapneumovirus subgroups. Virology 2003, 315, 1–9. [CrossRef]

142. Lu, M.; Zhang, Z.; Xue, M.; Zhao, B.S.; Harder, O.; Li, A.; Liang, X.; Gao, T.Z.; Xu, Y.; Zhou, J.; et al. N(6)-methyladenosine
modification enables viral RNA to escape recognition by RNA sensor RIG-I. Nat. Microbiol. 2020, 5, 584–598. [CrossRef]

143. Robinson, C.M.; Seto, D.; Jones, M.S.; Dyer, D.W.; Chodosh, J. Molecular evolution of human species D adenoviruses. Infect. Genet.
Evol. 2011, 11, 1208–1217. [CrossRef]

144. Johnson, J.S.; Osheim, Y.N.; Xue, Y.; Emanuel, M.R.; Lewis, P.W.; Bankovich, A.; Beyer, A.L.; Engel, D.A. Adenovirus protein
VII condenses DNA, represses transcription, and associates with transcriptional activator E1A. J. Virol. 2004, 78, 6459–6468.
[CrossRef]

145. Lee, T.W.R.; Blair, G.E.; Matthews, D.A. Adenovirus core protein VII contains distinct sequences that mediate targeting to the
nucleus and nucleolus, and colocalization with human chromosomes. J. Gen. Virol. 2003, 84, 3423–3428. [CrossRef]

146. Avgousti, D.C.; Herrmann, C.; Kulej, K.; Pancholi, N.J.; Sekulic, N.; Petrescu, J.; Molden, R.C.; Blumenthal, D.; Paris, A.J.; Reyes,
E.D.; et al. A core viral protein binds host nucleosomes to sequester immune danger signals. Nature 2016, 535, 173–177. [CrossRef]
[PubMed]

147. Ferrari, R.; Gou, D.; Jawdekar, G.; Johnson, S.A.; Nava, M.; Su, T.; Yousef, A.F.; Zemke, N.R.; Pellegrini, M.; Kurdistani, S.K.;
et al. Adenovirus small E1A employs the lysine acetylases p300/CBP and tumor suppressor Rb to repress select host genes and
promote productive virus infection. Cell Host Microbe 2014, 16, 663–676. [CrossRef]

148. Santacroce, L.; Charitos, I.A.; Carretta, D.M.; De Nitto, E.; Lovero, R. The human coronaviruses (HCoVs) and the molecular
mechanisms of SARS-CoV-2 infection. J. Mol. Med. 2021, 99, 93–106. [CrossRef] [PubMed]

149. Kumar, A.; Tripathi, P.; Kumar, P.; Shekhar, R.; Pathak, R. From Detection to Protection: Antibodies and Their Crucial Role in
Diagnosing and Combatting SARS-CoV-2. Vaccines 2024, 12, 459. [CrossRef]

150. Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [CrossRef] [PubMed]

151. Jackson, C.B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of SARS-CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 2022, 23, 3–20.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1016/j.micpath.2019.03.019
https://doi.org/10.3390/v12080804
https://doi.org/10.3389/fimmu.2022.875691
https://doi.org/10.1186/s12887-017-0817-9
https://doi.org/10.1159/000438561
https://doi.org/10.1371/journal.ppat.1004978
https://www.ncbi.nlm.nih.gov/pubmed/26083387
https://doi.org/10.1038/mi.2015.4
https://www.ncbi.nlm.nih.gov/pubmed/25669152
https://doi.org/10.1128/JVI.02290-09
https://doi.org/10.1016/S0140-6736(02)07953-9
https://doi.org/10.1371/journal.pone.0205275
https://www.ncbi.nlm.nih.gov/pubmed/30485264
https://doi.org/10.3201/eid1004.030393
https://doi.org/10.1016/S0042-6822(03)00528-2
https://doi.org/10.1038/s41564-019-0653-9
https://doi.org/10.1016/j.meegid.2011.04.031
https://doi.org/10.1128/JVI.78.12.6459-6468.2004
https://doi.org/10.1099/vir.0.19546-0
https://doi.org/10.1038/nature18317
https://www.ncbi.nlm.nih.gov/pubmed/27362237
https://doi.org/10.1016/j.chom.2014.10.004
https://doi.org/10.1007/s00109-020-02012-8
https://www.ncbi.nlm.nih.gov/pubmed/33269412
https://doi.org/10.3390/vaccines12050459
https://doi.org/10.1038/s41586-020-2012-7
https://www.ncbi.nlm.nih.gov/pubmed/32015507
https://doi.org/10.1038/s41580-021-00418-x
https://www.ncbi.nlm.nih.gov/pubmed/34611326


Pathogens 2025, 14, 129 35 of 41

152. Ziegler, C.G.K.; Allon, S.J.; Nyquist, S.K.; Mbano, I.M.; Miao, V.N.; Tzouanas, C.N.; Cao, Y.; Yousif, A.S.; Bals, J.; Hauser, B.M.;
et al. SARS-CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene in Human Airway Epithelial Cells and Is Detected in Specific
Cell Subsets across Tissues. Cell 2020, 181, 1016–1035.e19. [CrossRef]

153. Dey, A.; Vaishak, K.; Deka, D.; Radhakrishnan, A.K.; Paul, S.; Shanmugam, P.; Daniel, A.P.; Pathak, S.; Duttaroy, A.K.; Banerjee, A.
Epigenetic perspectives associated with COVID-19 infection and related cytokine storm: An updated review. Infection 2023, 51,
1603–1618. [CrossRef] [PubMed]

154. Takahashi, Y.; Hayakawa, A.; Sano, R.; Fukuda, H.; Harada, M.; Kubo, R.; Okawa, T.; Kominato, Y. Histone deacetylase inhibitors
suppress ACE2 and ABO simultaneously, suggesting a preventive potential against COVID-19. Sci. Rep. 2021, 11, 3379. [CrossRef]

155. Daniel, G.; Paola, A.R.; Nancy, G.; Fernando, S.O.; Beatriz, A.; Zulema, R.; Julieth, A.; Claudia, C.; Adriana, R. Epigenetic
mechanisms and host factors impact ACE2 gene expression: Implications in COVID-19 susceptibility. Infect. Genet. Evol. 2022,
104, 105357. [CrossRef]

156. Cardenas, A.; Rifas-Shiman, S.L.; Sordillo, J.E.; DeMeo, D.L.; Baccarelli, A.A.; Hivert, M.F.; Gold, D.R.; Oken, E. DNA methylation
architecture of the ACE2 gene in nasal cells of children. Sci. Rep. 2021, 11, 7107. [CrossRef]

157. Mao, W.; Miller, C.M.; Nair, V.D.; Ge, Y.; Amper, M.A.S.; Cappuccio, A.; George, M.C.; Goforth, C.W.; Guevara, K.; Marjanovic, N.;
et al. A methylation clock model of mild SARS-CoV-2 infection provides insight into immune dysregulation. Mol. Syst. Biol. 2023,
19, e11361. [CrossRef]

158. Kee, J.; Thudium, S.; Renner, D.M.; Glastad, K.; Palozola, K.; Zhang, Z.; Li, Y.; Lan, Y.; Cesare, J.; Poleshko, A.; et al. SARS-CoV-2
disrupts host epigenetic regulation via histone mimicry. Nature 2022, 610, 381–388. [CrossRef] [PubMed]

159. Young, B.E.; Fong, S.W.; Chan, Y.H.; Mak, T.M.; Ang, L.W.; Anderson, D.E.; Lee, C.Y.; Amrun, S.N.; Lee, B.; Goh, Y.S.; et al. Effects
of a major deletion in the SARS-CoV-2 genome on the severity of infection and the inflammatory response: An observational
cohort study. Lancet 2020, 396, 603–611. [CrossRef] [PubMed]

160. Fong, S.W.; Yeo, N.K.; Chan, Y.H.; Goh, Y.S.; Amrun, S.N.; Ang, N.; Rajapakse, M.P.; Lum, J.; Foo, S.; Lee, C.Y.; et al. Robust
Virus-Specific Adaptive Immunity in COVID-19 Patients with SARS-CoV-2 Delta382 Variant Infection. J. Clin. Immunol. 2022, 42,
214–229. [CrossRef] [PubMed]

161. Muhammad, J.S.; Saheb Sharif-Askari, N.; Cui, Z.G.; Hamad, M.; Halwani, R. SARS-CoV-2 Infection-Induced Promoter Hy-
pomethylation as an Epigenetic Modulator of Heat Shock Protein A1L (HSPA1L) Gene. Front. Genet. 2021, 12, 622271. [CrossRef]
[PubMed]

162. Babawale, P.I.; Guerrero-Plata, A. Respiratory Viral Coinfections: Insights into Epidemiology, Immune Response, Pathology, and
Clinical Outcomes. Pathogens 2024, 13, 316. [CrossRef] [PubMed]

163. Achten, N.B.; Wu, P.; Bont, L.; Blanken, M.O.; Gebretsadik, T.; Chappell, J.D.; Wang, L.; Yu, C.; Larkin, E.K.; Carroll, K.N.; et al.
Interference Between Respiratory Syncytial Virus and Human Rhinovirus Infection in Infancy. J. Infect. Dis. 2017, 215, 1102–1106.
[CrossRef] [PubMed]

164. Griffiths, C.; Drews, S.J.; Marchant, D.J. Respiratory Syncytial Virus: Infection, Detection, and New Options for Prevention and
Treatment. Clin. Microbiol. Rev. 2017, 30, 277–319. [CrossRef] [PubMed]

165. Jacobs, S.E.; Lamson, D.M.; St George, K.; Walsh, T.J. Human rhinoviruses. Clin. Microbiol. Rev. 2013, 26, 135–162. [CrossRef]
166. Edwards, K.M.; Zhu, Y.; Griffin, M.R.; Weinberg, G.A.; Hall, C.B.; Szilagyi, P.G.; Staat, M.A.; Iwane, M.; Prill, M.M.; Williams, J.V.;

et al. Burden of human metapneumovirus infection in young children. N. Engl. J. Med. 2013, 368, 633–643. [CrossRef] [PubMed]
167. Goka, E.; Vallely, P.; Mutton, K.; Klapper, P. Influenza A viruses dual and multiple infections with other respiratory viruses and

risk of hospitalisation and mortality. Influenza Other Respir. Viruses 2013, 7, 1079–1087. [CrossRef] [PubMed]
168. Scotta, M.C.; Chakr, V.C.; de Moura, A.; Becker, R.G.; de Souza, A.P.; Jones, M.H.; Pinto, L.A.; Sarria, E.E.; Pitrez, P.M.; Stein, R.T.;

et al. Respiratory viral coinfection and disease severity in children: A systematic review and meta-analysis. J. Clin. Virol. 2016, 80,
45–56. [CrossRef]

169. Lim, F.J.; de Klerk, N.; Blyth, C.C.; Fathima, P.; Moore, H.C. Systematic review and meta-analysis of respiratory viral coinfections
in children. Respirology 2016, 21, 648–655. [CrossRef] [PubMed]

170. Mansbach, J.M.; Piedra, P.A.; Teach, S.J.; Sullivan, A.F.; Forgey, T.; Clark, S.; Espinola, J.A.; Camargo, C.A., Jr.; MARC-30
Investigators. Prospective multicenter study of viral etiology and hospital length of stay in children with severe bronchiolitis.
Arch. Pediatr. Adolesc. Med. 2012, 166, 700–706. [CrossRef] [PubMed]

171. da Silva, E.R.; Pitrez, M.C.; Arruda, E.; Mattiello, R.; Sarria, E.E.; de Paula, F.E.; Proenca-Modena, J.L.; Delcaro, L.S.; Cintra, O.;
Jones, M.H.; et al. Severe lower respiratory tract infection in infants and toddlers from a non-affluent population: Viral etiology
and co-detection as risk factors. BMC Infect. Dis. 2013, 13, 41. [CrossRef]

172. Piret, J.; Boivin, G. Viral Interference between Respiratory Viruses. Emerg. Infect. Dis. 2022, 28, 273–281. [CrossRef] [PubMed]
173. Dee, K.; Goldfarb, D.M.; Haney, J.; Amat, J.A.R.; Herder, V.; Stewart, M.; Szemiel, A.M.; Baguelin, M.; Murcia, P.R. Human

Rhinovirus Infection Blocks Severe Acute Respiratory Syndrome Coronavirus 2 Replication Within the Respiratory Epithelium:
Implications for COVID-19 Epidemiology. J. Infect. Dis. 2021, 224, 31–38. [CrossRef]

https://doi.org/10.1016/j.cell.2020.04.035
https://doi.org/10.1007/s15010-023-02017-8
https://www.ncbi.nlm.nih.gov/pubmed/36906872
https://doi.org/10.1038/s41598-021-82970-2
https://doi.org/10.1016/j.meegid.2022.105357
https://doi.org/10.1038/s41598-021-86494-7
https://doi.org/10.15252/msb.202211361
https://doi.org/10.1038/s41586-022-05282-z
https://www.ncbi.nlm.nih.gov/pubmed/36198800
https://doi.org/10.1016/S0140-6736(20)31757-8
https://www.ncbi.nlm.nih.gov/pubmed/32822564
https://doi.org/10.1007/s10875-021-01142-z
https://www.ncbi.nlm.nih.gov/pubmed/34716845
https://doi.org/10.3389/fgene.2021.622271
https://www.ncbi.nlm.nih.gov/pubmed/33679887
https://doi.org/10.3390/pathogens13040316
https://www.ncbi.nlm.nih.gov/pubmed/38668271
https://doi.org/10.1093/infdis/jix031
https://www.ncbi.nlm.nih.gov/pubmed/28368456
https://doi.org/10.1128/CMR.00010-16
https://www.ncbi.nlm.nih.gov/pubmed/27903593
https://doi.org/10.1128/CMR.00077-12
https://doi.org/10.1056/NEJMoa1204630
https://www.ncbi.nlm.nih.gov/pubmed/23406028
https://doi.org/10.1111/irv.12020
https://www.ncbi.nlm.nih.gov/pubmed/23078095
https://doi.org/10.1016/j.jcv.2016.04.019
https://doi.org/10.1111/resp.12741
https://www.ncbi.nlm.nih.gov/pubmed/26919484
https://doi.org/10.1001/archpediatrics.2011.1669
https://www.ncbi.nlm.nih.gov/pubmed/22473882
https://doi.org/10.1186/1471-2334-13-41
https://doi.org/10.3201/eid2802.211727
https://www.ncbi.nlm.nih.gov/pubmed/35075991
https://doi.org/10.1093/infdis/jiab147


Pathogens 2025, 14, 129 36 of 41

174. George, J.A.; AlShamsi, S.H.; Alhammadi, M.H.; Alsuwaidi, A.R. Exacerbation of Influenza A Virus Disease Severity by
Respiratory Syncytial Virus Co-Infection in a Mouse Model. Viruses 2021, 13, 1630. [CrossRef]

175. Hartwig, S.M.; Miller, A.M.; Varga, S.M. Respiratory Syncytial Virus Provides Protection against a Subsequent Influenza A Virus
Infection. J. Immunol. 2022, 208, 720–731. [CrossRef] [PubMed]

176. Geiser, J.; Boivin, G.; Huang, S.; Constant, S.; Kaiser, L.; Tapparel, C.; Essaidi-Laziosi, M. RSV and HMPV Infections in 3D Tissue
Cultures: Mechanisms Involved in Virus-Host and Virus-Virus Interactions. Viruses 2021, 13, 139. [CrossRef] [PubMed]

177. McNamara, P.S.; Flanagan, B.F.; Smyth, R.L.; Hart, C.A. Impact of human metapneumovirus and respiratory syncytial virus
co-infection in severe bronchiolitis. Pediatr. Pulmonol. 2007, 42, 740–743. [CrossRef] [PubMed]

178. Wu, A.; Mihaylova, V.T.; Landry, M.L.; Foxman, E.F. Interference between rhinovirus and influenza A virus: A clinical data
analysis and experimental infection study. Lancet Microbe 2020, 1, e254–e262. [CrossRef]

179. Zhang, A.J.; Lee, A.C.; Chan, J.F.; Liu, F.; Li, C.; Chen, Y.; Chu, H.; Lau, S.Y.; Wang, P.; Chan, C.C.; et al. Coinfection by Severe
Acute Respiratory Syndrome Coronavirus 2 and Influenza A(H1N1)pdm09 Virus Enhances the Severity of Pneumonia in Golden
Syrian Hamsters. Clin. Infect. Dis. 2021, 72, e978–e992. [CrossRef] [PubMed]

180. De Serres, G.; Lampron, N.; La Forge, J.; Rouleau, I.; Bourbeau, J.; Weiss, K.; Barret, B.; Boivin, G. Importance of viral and bacterial
infections in chronic obstructive pulmonary disease exacerbations. J. Clin. Virol. 2009, 46, 129–133. [CrossRef]

181. Molyneaux, P.L.; Mallia, P.; Cox, M.J.; Footitt, J.; Willis-Owen, S.A.; Homola, D.; Trujillo-Torralbo, M.B.; Elkin, S.; Kon, O.M.;
Cookson, W.O.; et al. Outgrowth of the bacterial airway microbiome after rhinovirus exacerbation of chronic obstructive
pulmonary disease. Am. J. Respir. Crit. Care Med. 2013, 188, 1224–1231. [CrossRef] [PubMed]

182. Small, C.L.; Shaler, C.R.; McCormick, S.; Jeyanathan, M.; Damjanovic, D.; Brown, E.G.; Arck, P.; Jordana, M.; Kaushic, C.; Ashkar,
A.A.; et al. Influenza infection leads to increased susceptibility to subsequent bacterial superinfection by impairing NK cell
responses in the lung. J. Immunol. 2010, 184, 2048–2056. [CrossRef]

183. Ghoneim, H.E.; Thomas, P.G.; McCullers, J.A. Depletion of alveolar macrophages during influenza infection facilitates bacterial
superinfections. J. Immunol. 2013, 191, 1250–1259. [CrossRef] [PubMed]

184. Robinson, K.M.; Choi, S.M.; McHugh, K.J.; Mandalapu, S.; Enelow, R.I.; Kolls, J.K.; Alcorn, J.F. Influenza A exacerbates
Staphylococcus aureus pneumonia by attenuating IL-1beta production in mice. J. Immunol. 2013, 191, 5153–5159. [CrossRef]

185. Nakamura, S.; Davis, K.M.; Weiser, J.N. Synergistic stimulation of type I interferons during influenza virus coinfection promotes
Streptococcus pneumoniae colonization in mice. J. Clin. Investig. 2011, 121, 3657–3665. [CrossRef]

186. Blevins, L.K.; Wren, J.T.; Holbrook, B.C.; Hayward, S.L.; Swords, W.E.; Parks, G.D.; Alexander-Miller, M.A. Coinfection with
Streptococcus pneumoniae negatively modulates the size and composition of the ongoing influenza-specific CD8(+) T cell
response. J. Immunol. 2014, 193, 5076–5087. [CrossRef] [PubMed]

187. Wu, Y.; Tu, W.; Lam, K.T.; Chow, K.H.; Ho, P.L.; Guan, Y.; Peiris, J.S.; Lau, Y.L. Lethal coinfection of influenza virus and
Streptococcus pneumoniae lowers antibody response to influenza virus in lung and reduces numbers of germinal center B cells, T
follicular helper cells, and plasma cells in mediastinal lymph Node. J. Virol. 2015, 89, 2013–2023. [CrossRef]

188. Sumitomo, T.; Kawabata, S. Respiratory tract barrier dysfunction in viral-bacterial co-infection cases. JPN. Dent. Sci. Rev. 2024, 60,
44–52. [CrossRef]

189. Kanangat, S.; Meduri, G.U.; Tolley, E.A.; Patterson, D.R.; Meduri, C.U.; Pak, C.; Griffin, J.P.; Bronze, M.S.; Schaberg, D.R. Effects of
cytokines and endotoxin on the intracellular growth of bacteria. Infect. Immun. 1999, 67, 2834–2840. [CrossRef]

190. Stark, J.M.; Stark, M.A.; Colasurdo, G.N.; LeVine, A.M. Decreased bacterial clearance from the lungs of mice following primary
respiratory syncytial virus infection. J. Med. Virol. 2006, 78, 829–838. [CrossRef]

191. Lalbiaktluangi, C.; Yadav, M.K.; Singh, P.K.; Singh, A.; Iyer, M.; Vellingiri, B.; Zomuansangi, R.; Zothanpuia; Ram, H. A
cooperativity between virus and bacteria during respiratory infections. Front. Microbiol. 2023, 14, 1279159. [CrossRef]

192. Chonmaitree, T.; Revai, K.; Grady, J.J.; Clos, A.; Patel, J.A.; Nair, S.; Fan, J.; Henrickson, K.J. Viral upper respiratory tract infection
and otitis media complication in young children. Clin. Infect. Dis. 2008, 46, 815–823. [CrossRef]

193. Bakaletz, L.O. Viral-bacterial co-infections in the respiratory tract. Curr. Opin. Microbiol. 2017, 35, 30–35. [CrossRef] [PubMed]
194. Park, K.; Bakaletz, L.O.; Coticchia, J.M.; Lim, D.J. Effect of influenza A virus on ciliary activity and dye transport function in the

chinchilla eustachian tube. Ann. Otol. Rhinol. Laryngol. 1993, 102, 551–558. [CrossRef] [PubMed]
195. Garcia-Gimenez, J.L.; Seco-Cervera, M.; Tollefsbol, T.O.; Roma-Mateo, C.; Peiro-Chova, L.; Lapunzina, P.; Pallardo, F.V. Epigenetic

biomarkers: Current strategies and future challenges for their use in the clinical laboratory. Crit. Rev. Clin. Lab. Sci. 2017, 54,
529–550. [CrossRef]

196. Garcia-Gimenez, J.L.; Mena-Molla, S.; Beltran-Garcia, J.; Sanchis-Gomar, F. Challenges in the analysis of epigenetic biomarkers in
clinical samples. Clin. Chem. Lab. Med. 2017, 55, 1474–1477. [CrossRef] [PubMed]

197. Crimi, E.; Benincasa, G.; Figueroa-Marrero, N.; Galdiero, M.; Napoli, C. Epigenetic susceptibility to severe respiratory viral
infections and its therapeutic implications: A narrative review. Br. J. Anaesth. 2020, 125, 1002–1017. [CrossRef] [PubMed]

198. Gomez-Diaz, E.; Jorda, M.; Peinado, M.A.; Rivero, A. Epigenetics of host-pathogen interactions: The road ahead and the road
behind. PLoS Pathog. 2012, 8, e1003007. [CrossRef]

https://doi.org/10.3390/v13081630
https://doi.org/10.4049/jimmunol.2000751
https://www.ncbi.nlm.nih.gov/pubmed/35022269
https://doi.org/10.3390/v13010139
https://www.ncbi.nlm.nih.gov/pubmed/33478119
https://doi.org/10.1002/ppul.20649
https://www.ncbi.nlm.nih.gov/pubmed/17588245
https://doi.org/10.1016/S2666-5247(20)30114-2
https://doi.org/10.1093/cid/ciaa1747
https://www.ncbi.nlm.nih.gov/pubmed/33216851
https://doi.org/10.1016/j.jcv.2009.07.010
https://doi.org/10.1164/rccm.201302-0341OC
https://www.ncbi.nlm.nih.gov/pubmed/23992479
https://doi.org/10.4049/jimmunol.0902772
https://doi.org/10.4049/jimmunol.1300014
https://www.ncbi.nlm.nih.gov/pubmed/23804714
https://doi.org/10.4049/jimmunol.1301237
https://doi.org/10.1172/JCI57762
https://doi.org/10.4049/jimmunol.1400529
https://www.ncbi.nlm.nih.gov/pubmed/25311807
https://doi.org/10.1128/JVI.02455-14
https://doi.org/10.1016/j.jdsr.2023.12.006
https://doi.org/10.1128/IAI.67.6.2834-2840.1999
https://doi.org/10.1002/jmv.20631
https://doi.org/10.3389/fmicb.2023.1279159
https://doi.org/10.1086/528685
https://doi.org/10.1016/j.mib.2016.11.003
https://www.ncbi.nlm.nih.gov/pubmed/27940028
https://doi.org/10.1177/000348949310200711
https://www.ncbi.nlm.nih.gov/pubmed/8392821
https://doi.org/10.1080/10408363.2017.1410520
https://doi.org/10.1515/cclm-2016-1162
https://www.ncbi.nlm.nih.gov/pubmed/28301317
https://doi.org/10.1016/j.bja.2020.06.060
https://www.ncbi.nlm.nih.gov/pubmed/32828489
https://doi.org/10.1371/journal.ppat.1003007


Pathogens 2025, 14, 129 37 of 41

199. Iwasaki, A.; Foxman, E.F.; Molony, R.D. Early local immune defences in the respiratory tract. Nat. Rev. Immunol. 2017, 17, 7–20.
[CrossRef]

200. Chiu, C.; Openshaw, P.J. Antiviral B cell and T cell immunity in the lungs. Nat. Immunol. 2015, 16, 18–26. [CrossRef]
201. Umbach, J.L.; Yen, H.L.; Poon, L.L.; Cullen, B.R. Influenza A virus expresses high levels of an unusual class of small viral leader

RNAs in infected cells. mBio 2010, 1. [CrossRef]
202. Li, X.; Fu, Z.; Liang, H.; Wang, Y.; Qi, X.; Ding, M.; Sun, X.; Zhou, Z.; Huang, Y.; Gu, H.; et al. H5N1 influenza virus-specific

miRNA-like small RNA increases cytokine production and mouse mortality via targeting poly(rC)-binding protein 2. Cell Res.
2018, 28, 157–171. [CrossRef]

203. Aguado, L.C.; tenOever, B. RNA virus building blocks-miRNAs not included. PLoS Pathog. 2018, 14, e1006963. [CrossRef]
[PubMed]

204. Tenoever, B.R. RNA viruses and the host microRNA machinery. Nat. Rev. Microbiol. 2013, 11, 169–180. [CrossRef] [PubMed]
205. Chu, H.; Chan, J.F.; Wang, Y.; Yuen, T.T.; Chai, Y.; Hou, Y.; Shuai, H.; Yang, D.; Hu, B.; Huang, X.; et al. Comparative Replication

and Immune Activation Profiles of SARS-CoV-2 and SARS-CoV in Human Lungs: An Ex Vivo Study With Implications for the
Pathogenesis of COVID-19. Clin. Infect. Dis. 2020, 71, 1400–1409. [CrossRef]

206. Sawalha, A.H.; Zhao, M.; Coit, P.; Lu, Q. Epigenetic dysregulation of ACE2 and interferon-regulated genes might suggest
increased COVID-19 susceptibility and severity in lupus patients. Clin. Immunol. 2020, 215, 108410. [CrossRef] [PubMed]

207. Benincasa, G.; Costa, D.; Infante, T.; Lucchese, R.; Donatelli, F.; Napoli, C. Interplay between genetics and epigenetics in
modulating the risk of venous thromboembolism: A new challenge for personalized therapy. Thromb. Res. 2019, 177, 145–153.
[CrossRef]

208. Bendib, I.; de Chaisemartin, L.; Granger, V.; Schlemmer, F.; Maitre, B.; Hue, S.; Surenaud, M.; Beldi-Ferchiou, A.; Carteaux, G.;
Razazi, K.; et al. Neutrophil Extracellular Traps Are Elevated in Patients with Pneumonia-related Acute Respiratory Distress
Syndrome. Anesthesiology 2019, 130, 581–591. [CrossRef] [PubMed]

209. Cattaneo, M.; Bertinato, E.M.; Birocchi, S.; Brizio, C.; Malavolta, D.; Manzoni, M.; Muscarella, G.; Orlandi, M. Pulmonary
Embolism or Pulmonary Thrombosis in COVID-19? Is the Recommendation to Use High-Dose Heparin for Thromboprophylaxis
Justified? Thromb. Haemost. 2020, 120, 1230–1232. [CrossRef] [PubMed]

210. Barnes, B.J.; Adrover, J.M.; Baxter-Stoltzfus, A.; Borczuk, A.; Cools-Lartigue, J.; Crawford, J.M.; Dassler-Plenker, J.; Guerci, P.;
Huynh, C.; Knight, J.S.; et al. Targeting potential drivers of COVID-19: Neutrophil extracellular traps. J. Exp. Med. 2020, 217,
e20200652. [CrossRef] [PubMed]

211. Tang, N.; Bai, H.; Chen, X.; Gong, J.; Li, D.; Sun, Z. Anticoagulant treatment is associated with decreased mortality in severe
coronavirus disease 2019 patients with coagulopathy. J. Thromb. Haemost. 2020, 18, 1094–1099. [CrossRef]

212. Golonka, R.M.; Saha, P.; Yeoh, B.S.; Chattopadhyay, S.; Gewirtz, A.T.; Joe, B.; Vijay-Kumar, M. Harnessing innate immunity to
eliminate SARS-CoV-2 and ameliorate COVID-19 disease. Physiol. Genomics 2020, 52, 217–221. [CrossRef]

213. Kim, D.; Lee, J.Y.; Yang, J.S.; Kim, J.W.; Kim, V.N.; Chang, H. The Architecture of SARS-CoV-2 Transcriptome. Cell 2020, 181,
914–921.e10. [CrossRef]

214. You, M.; Chen, L.; Zhang, D.; Zhao, P.; Chen, Z.; Qin, E.Q.; Gao, Y.; Davis, M.M.; Yang, P. Single-cell epigenomic landscape of
peripheral immune cells reveals establishment of trained immunity in individuals convalescing from COVID-19. Nat. Cell Biol.
2021, 23, 620–630. [CrossRef]

215. Liu, Z.; Kilic, G.; Li, W.; Bulut, O.; Gupta, M.K.; Zhang, B.; Qi, C.; Peng, H.; Tsay, H.C.; Soon, C.F.; et al. Multi-Omics Integration
Reveals Only Minor Long-Term Molecular and Functional Sequelae in Immune Cells of Individuals Recovered From COVID-19.
Front. Immunol. 2022, 13, 838132. [CrossRef] [PubMed]

216. Cheong, J.G.; Ravishankar, A.; Sharma, S.; Parkhurst, C.N.; Grassmann, S.A.; Wingert, C.K.; Laurent, P.; Ma, S.; Paddock, L.;
Miranda, I.C.; et al. Epigenetic memory of coronavirus infection in innate immune cells and their progenitors. Cell 2023, 186,
3882–3902.e24. [CrossRef]

217. Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V.; McGroder, C.; Stevens, J.S.; Cook, J.R.; Nordvig, A.S.; Shalev, D.;
Sehrawat, T.S.; et al. Post-acute COVID-19 syndrome. Nat. Med. 2021, 27, 601–615. [CrossRef]

218. Rossi, G.A.; Colin, A.A. Respiratory syncytial virus-Host interaction in the pathogenesis of bronchiolitis and its impact on
respiratory morbidity in later life. Pediatr. Allergy Immunol. 2017, 28, 320–331. [CrossRef]

219. Jiang, M.Y.; Duan, Y.P.; Tong, X.L.; Huang, Q.R.; Jia, M.M.; Yang, W.Z.; Feng, L.Z. Clinical manifestations of respiratory syncytial
virus infection and the risk of wheezing and recurrent wheezing illness: A systematic review and meta-analysis. World J. Pediatr.
2023, 19, 1030–1040. [CrossRef]

220. Regnier, S.A.; Huels, J. Association between respiratory syncytial virus hospitalizations in infants and respiratory sequelae:
Systematic review and meta-analysis. Pediatr. Infect. Dis. J. 2013, 32, 820–826. [CrossRef]

221. Sigurs, N.; Aljassim, F.; Kjellman, B.; Robinson, P.D.; Sigurbergsson, F.; Bjarnason, R.; Gustafsson, P.M. Asthma and allergy
patterns over 18 years after severe RSV bronchiolitis in the first year of life. Thorax 2010, 65, 1045–1052. [CrossRef] [PubMed]

https://doi.org/10.1038/nri.2016.117
https://doi.org/10.1038/ni.3056
https://doi.org/10.1128/mBio.00204-10
https://doi.org/10.1038/cr.2018.3
https://doi.org/10.1371/journal.ppat.1006963
https://www.ncbi.nlm.nih.gov/pubmed/29852025
https://doi.org/10.1038/nrmicro2971
https://www.ncbi.nlm.nih.gov/pubmed/23411862
https://doi.org/10.1093/cid/ciaa410
https://doi.org/10.1016/j.clim.2020.108410
https://www.ncbi.nlm.nih.gov/pubmed/32276140
https://doi.org/10.1016/j.thromres.2019.03.008
https://doi.org/10.1097/ALN.0000000000002619
https://www.ncbi.nlm.nih.gov/pubmed/30676417
https://doi.org/10.1055/s-0040-1712097
https://www.ncbi.nlm.nih.gov/pubmed/32349132
https://doi.org/10.1084/jem.20200652
https://www.ncbi.nlm.nih.gov/pubmed/32302401
https://doi.org/10.1111/jth.14817
https://doi.org/10.1152/physiolgenomics.00033.2020
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1038/s41556-021-00690-1
https://doi.org/10.3389/fimmu.2022.838132
https://www.ncbi.nlm.nih.gov/pubmed/35464396
https://doi.org/10.1016/j.cell.2023.07.019
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1111/pai.12716
https://doi.org/10.1007/s12519-023-00743-5
https://doi.org/10.1097/INF.0b013e31829061e8
https://doi.org/10.1136/thx.2009.121582
https://www.ncbi.nlm.nih.gov/pubmed/20581410


Pathogens 2025, 14, 129 38 of 41

222. van Solingen, C.; Cyr, Y.; Scacalossi, K.R.; de Vries, M.; Barrett, T.J.; de Jong, A.; Gourvest, M.; Zhang, T.; Peled, D.; Kher, R.; et al.
Long noncoding RNA CHROMR regulates antiviral immunity in humans. Proc. Natl. Acad. Sci. USA 2022, 119, e2210321119.
[CrossRef]

223. Gao, Z.J.; Li, W.P.; Mao, X.T.; Huang, T.; Wang, H.L.; Li, Y.N.; Liu, B.Q.; Zhong, J.Y.; Renjie, C.; Jin, J.; et al. Single-nucleotide
methylation specifically represses type I interferon in antiviral innate immunity. J. Exp. Med. 2021, 218, e24. [CrossRef]

224. Nagesh, P.T.; Husain, M. Influenza A Virus Dysregulates Host Histone Deacetylase 1 That Inhibits Viral Infection in Lung
Epithelial Cells. J. Virol. 2016, 90, 4614–4625. [CrossRef]

225. Nagesh, P.T.; Hussain, M.; Galvin, H.D.; Husain, M. Histone Deacetylase 2 Is a Component of Influenza A Virus-Induced Host
Antiviral Response. Front. Microbiol. 2017, 8, 1315. [CrossRef] [PubMed]

226. Malinczak, C.A.; Rasky, A.J.; Fonseca, W.; Schaller, M.A.; Allen, R.M.; Ptaschinski, C.; Morris, S.; Lukacs, N.W. Upregula-
tion of H3K27 Demethylase KDM6 During Respiratory Syncytial Virus Infection Enhances Proinflammatory Responses and
Immunopathology. J. Immunol. 2020, 204, 159–168. [CrossRef] [PubMed]

227. Crimi, E.; Benincasa, G.; Cirri, S.; Mutesi, R.; Faenza, M.; Napoli, C. Clinical epigenetics and multidrug-resistant bacterial
infections: Host remodelling in critical illness. Epigenetics 2020, 15, 1021–1034. [CrossRef]

228. Nehme, Z.; Pasquereau, S.; Herbein, G. Control of viral infections by epigenetic-targeted therapy. Clin. Epigenetics 2019, 11, 55.
[CrossRef]

229. Ivanov, M.; Barragan, I.; Ingelman-Sundberg, M. Epigenetic mechanisms of importance for drug treatment. Trends Pharmacol. Sci.
2014, 35, 384–396. [CrossRef]

230. Kronfol, M.M.; Dozmorov, M.G.; Huang, R.; Slattum, P.W.; McClay, J.L. The role of epigenomics in personalized medicine. Expert.
Rev. Precis. Med. Drug Dev. 2017, 2, 33–45. [CrossRef] [PubMed]

231. Filippakopoulos, P.; Knapp, S. Targeting bromodomains: Epigenetic readers of lysine acetylation. Nat. Rev. Drug Discov. 2014, 13,
337–356. [CrossRef] [PubMed]

232. Chung, C.W.; Coste, H.; White, J.H.; Mirguet, O.; Wilde, J.; Gosmini, R.L.; Delves, C.; Magny, S.M.; Woodward, R.; Hughes, S.A.;
et al. Discovery and characterization of small molecule inhibitors of the BET family bromodomains. J. Med. Chem. 2011, 54,
3827–3838. [CrossRef] [PubMed]

233. Xu, Y.; Liu, L. Curcumin alleviates macrophage activation and lung inflammation induced by influenza virus infection through
inhibiting the NF-kappaB signaling pathway. Influenza Other Respir Viruses 2017, 11, 457–463. [CrossRef] [PubMed]

234. Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2.
Science 2020, 367, 1444–1448. [CrossRef] [PubMed]

235. Napoli, C.; Benincasa, G.; Schiano, C.; Salvatore, M. Differential epigenetic factors in the prediction of cardiovascular risk in
diabetic patients. Eur. Heart J. Cardiovasc. Pharmacother. 2020, 6, 239–247. [CrossRef]

236. Black, S.; Nicolay, U.; Del Giudice, G.; Rappuoli, R. Influence of Statins on Influenza Vaccine Response in Elderly Individuals. J.
Infect Dis. 2016, 213, 1224–1228. [CrossRef] [PubMed]

237. Lee, C.S.; Yi, E.H.; Lee, J.K.; Won, C.; Lee, Y.J.; Shin, M.K.; Yang, Y.M.; Chung, M.H.; Lee, J.W.; Sung, S.H.; et al. Simvastatin
suppresses RANTES-mediated neutrophilia in polyinosinic-polycytidylic acid-induced pneumonia. Eur. Respir. J. 2013, 41,
1147–1156. [CrossRef] [PubMed]

238. Mehrbod, P.; Omar, A.R.; Hair-Bejo, M.; Haghani, A.; Ideris, A. Mechanisms of action and efficacy of statins against influenza.
Biomed. Res. Int. 2014, 2014, 872370. [CrossRef]

239. Yuan, S. Statins May Decrease the Fatality Rate of Middle East Respiratory Syndrome Infection. mBio 2015, 6, e01120. [CrossRef]
[PubMed]

240. Gallelli, L.; Falcone, D.; Scaramuzzino, M.; Pelaia, G.; D’Agostino, B.; Mesuraca, M.; Terracciano, R.; Spaziano, G.; Maselli, R.;
Navarra, M.; et al. Effects of simvastatin on cell viability and proinflammatory pathways in lung adenocarcinoma cells exposed
to hydrogen peroxide. BMC Pharmacol. Toxicol. 2014, 15, 67. [CrossRef] [PubMed]

241. Yuan, X.; Deng, Y.; Guo, X.; Shang, J.; Zhu, D.; Liu, H. Atorvastatin attenuates myocardial remodeling induced by chronic
intermittent hypoxia in rats: Partly involvement of TLR-4/MYD88 pathway. Biochem. Biophys. Res. Commun. 2014, 446, 292–297.
[CrossRef] [PubMed]

242. Diaz, A.; Romero, M.; Vazquez, T.; Lechner, S.; Blomberg, B.B.; Frasca, D. Metformin improves in vivo and in vitro B cell function
in individuals with obesity and Type-2 Diabetes. Vaccine 2017, 35, 2694–2700. [CrossRef] [PubMed]

243. Karagiannis, D.; Rampias, T. HDAC Inhibitors: Dissecting Mechanisms of Action to Counter Tumor Heterogeneity. Cancers 2021,
13, 3575. [CrossRef]

244. Conti, C.; Leo, E.; Eichler, G.S.; Sordet, O.; Martin, M.M.; Fan, A.; Aladjem, M.I.; Pommier, Y. Inhibition of histone deacetylase in
cancer cells slows down replication forks, activates dormant origins, and induces DNA damage. Cancer Res. 2010, 70, 4470–4480.
[CrossRef]

https://doi.org/10.1073/pnas.2210321119
https://doi.org/10.1084/jem.20201798
https://doi.org/10.1128/JVI.00126-16
https://doi.org/10.3389/fmicb.2017.01315
https://www.ncbi.nlm.nih.gov/pubmed/28769891
https://doi.org/10.4049/jimmunol.1900741
https://www.ncbi.nlm.nih.gov/pubmed/31748348
https://doi.org/10.1080/15592294.2020.1748918
https://doi.org/10.1186/s13148-019-0654-9
https://doi.org/10.1016/j.tips.2014.05.004
https://doi.org/10.1080/23808993.2017.1284557
https://www.ncbi.nlm.nih.gov/pubmed/29276780
https://doi.org/10.1038/nrd4286
https://www.ncbi.nlm.nih.gov/pubmed/24751816
https://doi.org/10.1021/jm200108t
https://www.ncbi.nlm.nih.gov/pubmed/21568322
https://doi.org/10.1111/irv.12459
https://www.ncbi.nlm.nih.gov/pubmed/28646616
https://doi.org/10.1126/science.abb2762
https://www.ncbi.nlm.nih.gov/pubmed/32132184
https://doi.org/10.1093/ehjcvp/pvz062
https://doi.org/10.1093/infdis/jiv456
https://www.ncbi.nlm.nih.gov/pubmed/26516142
https://doi.org/10.1183/09031936.00050612
https://www.ncbi.nlm.nih.gov/pubmed/22835616
https://doi.org/10.1155/2014/872370
https://doi.org/10.1128/mBio.01120-15
https://www.ncbi.nlm.nih.gov/pubmed/26265720
https://doi.org/10.1186/2050-6511-15-67
https://www.ncbi.nlm.nih.gov/pubmed/25432084
https://doi.org/10.1016/j.bbrc.2014.02.091
https://www.ncbi.nlm.nih.gov/pubmed/24582748
https://doi.org/10.1016/j.vaccine.2017.03.078
https://www.ncbi.nlm.nih.gov/pubmed/28392139
https://doi.org/10.3390/cancers13143575
https://doi.org/10.1158/0008-5472.CAN-09-3028


Pathogens 2025, 14, 129 39 of 41

245. Munshi, A.; Kurland, J.F.; Nishikawa, T.; Tanaka, T.; Hobbs, M.L.; Tucker, S.L.; Ismail, S.; Stevens, C.; Meyn, R.E. Histone
deacetylase inhibitors radiosensitize human melanoma cells by suppressing DNA repair activity. Clin. Cancer Res. 2005, 11,
4912–4922. [CrossRef]

246. Robert, C.; Nagaria, P.K.; Pawar, N.; Adewuyi, A.; Gojo, I.; Meyers, D.J.; Cole, P.A.; Rassool, F.V. Histone deacetylase inhibitors
decrease NHEJ both by acetylation of repair factors and trapping of PARP1 at DNA double-strand breaks in chromatin. Leuk. Res.
2016, 45, 14–23. [CrossRef]

247. Rosato, R.R.; Almenara, J.A.; Grant, S. The histone deacetylase inhibitor MS-275 promotes differentiation or apoptosis in human
leukemia cells through a process regulated by generation of reactive oxygen species and induction of p21CIP1/WAF1 1. Cancer
Res. 2003, 63, 3637–3645.

248. Dahlin, J.L.; Nelson, K.M.; Strasser, J.M.; Barsyte-Lovejoy, D.; Szewczyk, M.M.; Organ, S.; Cuellar, M.; Singh, G.; Shrimp, J.H.;
Nguyen, N.; et al. Assay interference and off-target liabilities of reported histone acetyltransferase inhibitors. Nat. Commun. 2017,
8, 1527. [CrossRef]

249. Gravina, G.L.; Festuccia, C.; Marampon, F.; Popov, V.M.; Pestell, R.G.; Zani, B.M.; Tombolini, V. Biological rationale for the use of
DNA methyltransferase inhibitors as new strategy for modulation of tumor response to chemotherapy and radiation. Mol. Cancer
2010, 9, 305. [CrossRef]

250. Juttermann, R.; Li, E.; Jaenisch, R. Toxicity of 5-aza-2′-deoxycytidine to mammalian cells is mediated primarily by covalent
trapping of DNA methyltransferase rather than DNA demethylation. Proc. Natl. Acad. Sci. USA 1994, 91, 11797–11801. [CrossRef]
[PubMed]

251. Ferguson, A.T.; Vertino, P.M.; Spitzner, J.R.; Baylin, S.B.; Muller, M.T.; Davidson, N.E. Role of estrogen receptor gene demethylation
and DNA methyltransferase. DNA adduct formation in 5-aza-2′deoxycytidine-induced cytotoxicity in human breast cancer cells.
J. Biol. Chem. 1997, 272, 32260–32266. [CrossRef] [PubMed]

252. Karpf, A.R.; Moore, B.C.; Ririe, T.O.; Jones, D.A. Activation of the p53 DNA damage response pathway after inhibition of DNA
methyltransferase by 5-aza-2′-deoxycytidine. Mol. Pharmacol. 2001, 59, 751–757. [CrossRef] [PubMed]

253. Christman, J.K. 5-Azacytidine and 5-aza-2′-deoxycytidine as inhibitors of DNA methylation: Mechanistic studies and their
implications for cancer therapy. Oncogene 2002, 21, 5483–5495. [CrossRef]

254. Barbe, J.; Gibert, I.; Guerrero, R. 5-Azacytidine: Survival and induction of the SOS response in Escherichia coli K-12. Mutat. Res.
1986, 166, 9–16. [CrossRef] [PubMed]

255. Lal, D.; Som, S.; Friedman, S. Survival and mutagenic effects of 5-azacytidine in Escherichia coli. Mutat. Res. 1988, 193, 229–236.
[CrossRef] [PubMed]

256. Yang, C.; Zhang, J.; Ma, Y.; Wu, C.; Cui, W.; Wang, L. Histone methyltransferase and drug resistance in cancers. J. Exp. Clin.
Cancer Res. 2020, 39, 173. [CrossRef] [PubMed]

257. Singh, P.K. Histone methyl transferases: A class of epigenetic opportunities to counter uncontrolled cell proliferation. Eur. J. Med.
Chem. 2019, 166, 351–368. [CrossRef] [PubMed]

258. Terranova, R.; Agherbi, H.; Boned, A.; Meresse, S.; Djabali, M. Histone and DNA methylation defects at Hox genes in mice
expressing a SET domain-truncated form of Mll. Proc. Natl. Acad. Sci. USA 2006, 103, 6629–6634. [CrossRef]

259. Martin, M.P.; Olesen, S.H.; Georg, G.I.; Schonbrunn, E. Cyclin-dependent kinase inhibitor dinaciclib interacts with the acetyl-lysine
recognition site of bromodomains. ACS Chem. Biol. 2013, 8, 2360–2365. [CrossRef]

260. Dittmann, A.; Werner, T.; Chung, C.W.; Savitski, M.M.; Falth Savitski, M.; Grandi, P.; Hopf, C.; Lindon, M.; Neubauer, G.; Prinjha,
R.K.; et al. The commonly used PI3-kinase probe LY294002 is an inhibitor of BET bromodomains. ACS Chem. Biol. 2014, 9,
495–502. [CrossRef] [PubMed]

261. Ciceri, P.; Muller, S.; O’Mahony, A.; Fedorov, O.; Filippakopoulos, P.; Hunt, J.P.; Lasater, E.A.; Pallares, G.; Picaud, S.; Wells,
C.; et al. Dual kinase-bromodomain inhibitors for rationally designed polypharmacology. Nat. Chem. Biol. 2014, 10, 305–312.
[CrossRef]

262. Ember, S.W.; Zhu, J.Y.; Olesen, S.H.; Martin, M.P.; Becker, A.; Berndt, N.; Georg, G.I.; Schonbrunn, E. Acetyl-lysine binding
site of bromodomain-containing protein 4 (BRD4) interacts with diverse kinase inhibitors. ACS Chem. Biol. 2014, 9, 1160–1171.
[CrossRef] [PubMed]

263. Xu, Y.; Vakoc, C.R. Targeting Cancer Cells with BET Bromodomain Inhibitors. Cold Spring Harb. Perspect. Med. 2017, 7, a026674.
[CrossRef] [PubMed]

264. Lindmark, E.; Diderholm, E.; Wallentin, L.; Siegbahn, A. Relationship between interleukin 6 and mortality in patients with
unstable coronary artery disease: Effects of an early invasive or noninvasive strategy. JAMA 2001, 286, 2107–2113. [CrossRef]

265. Goldman, J.D.; Lye, D.C.B.; Hui, D.S.; Marks, K.M.; Bruno, R.; Montejano, R.; Spinner, C.D.; Galli, M.; Ahn, M.Y.; Nahass, R.G.;
et al. Remdesivir for 5 or 10 Days in Patients with Severe COVID-19. N. Engl. J. Med. 2020, 383, 1827–1837. [CrossRef] [PubMed]

266. Kim, T.H.; Lee, S.W. Therapeutic Application of Genome Editing Technologies in Viral Diseases. Int. J. Mol. Sci. 2022, 23, 5399.
[CrossRef] [PubMed]

https://doi.org/10.1158/1078-0432.CCR-04-2088
https://doi.org/10.1016/j.leukres.2016.03.007
https://doi.org/10.1038/s41467-017-01657-3
https://doi.org/10.1186/1476-4598-9-305
https://doi.org/10.1073/pnas.91.25.11797
https://www.ncbi.nlm.nih.gov/pubmed/7527544
https://doi.org/10.1074/jbc.272.51.32260
https://www.ncbi.nlm.nih.gov/pubmed/9405430
https://doi.org/10.1016/S0026-895X(24)09243-5
https://www.ncbi.nlm.nih.gov/pubmed/11259619
https://doi.org/10.1038/sj.onc.1205699
https://doi.org/10.1016/0167-8817(86)90035-0
https://www.ncbi.nlm.nih.gov/pubmed/2425255
https://doi.org/10.1016/0167-8817(88)90033-8
https://www.ncbi.nlm.nih.gov/pubmed/2452347
https://doi.org/10.1186/s13046-020-01682-z
https://www.ncbi.nlm.nih.gov/pubmed/32859239
https://doi.org/10.1016/j.ejmech.2019.01.069
https://www.ncbi.nlm.nih.gov/pubmed/30735901
https://doi.org/10.1073/pnas.0507425103
https://doi.org/10.1021/cb4003283
https://doi.org/10.1021/cb400789e
https://www.ncbi.nlm.nih.gov/pubmed/24533473
https://doi.org/10.1038/nchembio.1471
https://doi.org/10.1021/cb500072z
https://www.ncbi.nlm.nih.gov/pubmed/24568369
https://doi.org/10.1101/cshperspect.a026674
https://www.ncbi.nlm.nih.gov/pubmed/28213432
https://doi.org/10.1001/jama.286.17.2107
https://doi.org/10.1056/NEJMoa2015301
https://www.ncbi.nlm.nih.gov/pubmed/32459919
https://doi.org/10.3390/ijms23105399
https://www.ncbi.nlm.nih.gov/pubmed/35628210


Pathogens 2025, 14, 129 40 of 41

267. Abbott, T.R.; Dhamdhere, G.; Liu, Y.; Lin, X.; Goudy, L.; Zeng, L.; Chemparathy, A.; Chmura, S.; Heaton, N.S.; Debs, R.; et al.
Development of CRISPR as an Antiviral Strategy to Combat SARS-CoV-2 and Influenza. Cell 2020, 181, 865–876.e12. [CrossRef]
[PubMed]

268. Blanchard, E.L.; Vanover, D.; Bawage, S.S.; Tiwari, P.M.; Rotolo, L.; Beyersdorf, J.; Peck, H.E.; Bruno, N.C.; Hincapie, R.; Michel, F.;
et al. Treatment of influenza and SARS-CoV-2 infections via mRNA-encoded Cas13a in rodents. Nat. Biotechnol. 2021, 39, 717–726.
[CrossRef] [PubMed]

269. Lin, P.; Shen, G.; Guo, K.; Qin, S.; Pu, Q.; Wang, Z.; Gao, P.; Xia, Z.; Khan, N.; Jiang, J.; et al. Type III CRISPR-based RNA editing
for programmable control of SARS-CoV-2 and human coronaviruses. Nucleic Acids Res. 2022, 50, e47. [CrossRef] [PubMed]

270. Dai, X.; Shen, L. Advances and Trends in Omics Technology Development. Front. Med. 2022, 9, 911861. [CrossRef]
271. Akinosoglou, K.; Rigopoulos, E.A.; Schinas, G.; Kaiafa, G.; Polyzou, E.; Tsoupra, S.; Tzouvelekis, A.; Gogos, C.; Savopoulos, C.

Remdesivir Use in the Real-World Setting: An Overview of Available Evidence. Viruses 2023, 15, 1167. [CrossRef]
272. Chera, A.; Tanca, A. Remdesivir: The first FDA-approved anti-COVID-19 Treatment for Young Children. Discoveries 2022, 10, e151.

[CrossRef]
273. Jayk Bernal, A.; Gomes da Silva, M.M.; Musungaie, D.B.; Kovalchuk, E.; Gonzalez, A.; Delos Reyes, V.; Martin-Quiros, A.; Caraco,

Y.; Williams-Diaz, A.; Brown, M.L.; et al. Molnupiravir for Oral Treatment of COVID-19 in Nonhospitalized Patients. N. Engl. J.
Med. 2022, 386, 509–520. [CrossRef] [PubMed]

274. Stephenson, J. FDA Authorizes Pharmacists to Prescribe Oral Antiviral Medication for COVID-19. JAMA Health Forum 2022,
3, e222968. [CrossRef] [PubMed]

275. Milavetz, B.; Kallestad, L.; Gefroh, A.; Adams, N.; Woods, E.; Balakrishnan, L. Virion-mediated transfer of SV40 epigenetic
information. Epigenetics 2012, 7, 528–534. [CrossRef] [PubMed]

276. Tempera, I.; Lieberman, P.M. Chromatin organization of gammaherpesvirus latent genomes. Biochim. Biophys. Acta 2010, 1799,
236–245. [CrossRef]

277. Locatelli, M.; Faure-Dupuy, S. Virus hijacking of host epigenetic machinery to impair immune response. J. Virol. 2023, 97, e0065823.
[CrossRef] [PubMed]

278. Liu, F.; Wang, Y.; Gu, H.; Wang, X. Technologies and applications of single-cell DNA methylation sequencing. Theranostics 2023,
13, 2439–2454. [CrossRef]

279. Nakabayashi, K.; Yamamura, M.; Haseagawa, K.; Hata, K. Reduced Representation Bisulfite Sequencing (RRBS). Methods Mol.
Biol. 2023, 2577, 39–51. [CrossRef]

280. Meissner, A.; Gnirke, A.; Bell, G.W.; Ramsahoye, B.; Lander, E.S.; Jaenisch, R. Reduced representation bisulfite sequencing for
comparative high-resolution DNA methylation analysis. Nucleic Acids Res. 2005, 33, 5868–5877. [CrossRef] [PubMed]

281. Gunther, T.; Theiss, J.M.; Fischer, N.; Grundhoff, A. Investigation of Viral and Host Chromatin by ChIP-PCR or ChIP-Seq Analysis.
Curr. Protoc. Microbiol. 2016, 40, 1E.10.1–1E.10.21. [CrossRef] [PubMed]

282. Stoszko, M.; De Crignis, E.; Rokx, C.; Khalid, M.M.; Lungu, C.; Palstra, R.J.; Kan, T.W.; Boucher, C.; Verbon, A.; Dykhuizen, E.C.;
et al. Small Molecule Inhibitors of BAF; a Promising Family of Compounds in HIV-1 Latency Reversal. EBioMedicine 2016, 3,
108–121. [CrossRef]

283. Kedarinath, K.; Shiffer, E.M.; Parks, G.D. DNA methyltransferase inhibitor 5-azacytidine enhances neuroblastoma cell lysis by an
oncolytic parainfluenza virus. Anticancer Drugs 2023, 34, 916–928. [CrossRef]

284. Lee, E.C.; Kim, K.; Jung, W.J.; Kim, H.P. Vorinostat-induced acetylation of RUNX3 reshapes transcriptional profile through
long-range enhancer-promoter interactions in natural killer cells. BMB Rep. 2023, 56, 398–403. [CrossRef] [PubMed]

285. Dan, H.; Zhang, S.; Zhou, Y.; Guan, Q. DNA Methyltransferase Inhibitors: Catalysts For Antitumour Immune Responses. Onco
Targets Ther. 2019, 12, 10903–10916. [CrossRef] [PubMed]

286. Herbein, G.; Wendling, D. Histone deacetylases in viral infections. Clin. Epigenetics 2010, 1, 13–24. [CrossRef]
287. Moreira, J.M.; Scheipers, P.; Sorensen, P. The histone deacetylase inhibitor Trichostatin A modulates CD4+ T cell responses. BMC

Cancer 2003, 3, 30. [CrossRef] [PubMed]
288. Beliakova-Bethell, N.; Zhang, J.X.; Singhania, A.; Lee, V.; Terry, V.H.; Richman, D.D.; Spina, C.A.; Woelk, C.H. Suberoylanilide

hydroxamic acid induces limited changes in the transcriptome of primary CD4(+) T cells. AIDS 2013, 27, 29–37. [CrossRef]
289. Liu, Y.; Cheng, W.; Xin, H.; Liu, R.; Wang, Q.; Cai, W.; Peng, X.; Yang, F.; Xin, H. Nanoparticles advanced from preclinical studies

to clinical trials for lung cancer therapy. Cancer Nanotechnol. 2023, 14, 28. [CrossRef] [PubMed]
290. Smola, M.; Vandamme, T.; Sokolowski, A. Nanocarriers as pulmonary drug delivery systems to treat and to diagnose respiratory

and non respiratory diseases. Int. J. Nanomed. 2008, 3, 1–19.
291. Batra, S.S.; Cabrera, A.; Spence, J.P.; Goell, J.; Anand, S.S.; Hilton, I.B.; Song, Y.S. Predicting the effect of CRISPR-Cas9-based

epigenome editing. bioRxiv 2024. [CrossRef]
292. Choudhury, S.R.; Cui, Y.; Lubecka, K.; Stefanska, B.; Irudayaraj, J. CRISPR-dCas9 mediated TET1 targeting for selective DNA

demethylation at BRCA1 promoter. Oncotarget 2016, 7, 46545–46556. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cell.2020.04.020
https://www.ncbi.nlm.nih.gov/pubmed/32353252
https://doi.org/10.1038/s41587-021-00822-w
https://www.ncbi.nlm.nih.gov/pubmed/33536629
https://doi.org/10.1093/nar/gkac016
https://www.ncbi.nlm.nih.gov/pubmed/35166837
https://doi.org/10.3389/fmed.2022.911861
https://doi.org/10.3390/v15051167
https://doi.org/10.15190/d.2022.10
https://doi.org/10.1056/NEJMoa2116044
https://www.ncbi.nlm.nih.gov/pubmed/34914868
https://doi.org/10.1001/jamahealthforum.2022.2968
https://www.ncbi.nlm.nih.gov/pubmed/36219005
https://doi.org/10.4161/epi.20057
https://www.ncbi.nlm.nih.gov/pubmed/22507897
https://doi.org/10.1016/j.bbagrm.2009.10.004
https://doi.org/10.1128/jvi.00658-23
https://www.ncbi.nlm.nih.gov/pubmed/37656959
https://doi.org/10.7150/thno.82582
https://doi.org/10.1007/978-1-0716-2724-2_3
https://doi.org/10.1093/nar/gki901
https://www.ncbi.nlm.nih.gov/pubmed/16224102
https://doi.org/10.1002/9780471729259.mc01e10s40
https://www.ncbi.nlm.nih.gov/pubmed/26855283
https://doi.org/10.1016/j.ebiom.2015.11.047
https://doi.org/10.1097/CAD.0000000000001525
https://doi.org/10.5483/BMBRep.2023-0044
https://www.ncbi.nlm.nih.gov/pubmed/37220907
https://doi.org/10.2147/OTT.S217767
https://www.ncbi.nlm.nih.gov/pubmed/31849494
https://doi.org/10.1007/s13148-010-0003-5
https://doi.org/10.1186/1471-2407-3-30
https://www.ncbi.nlm.nih.gov/pubmed/14606959
https://doi.org/10.1097/QAD.0b013e32835b3e26
https://doi.org/10.1186/s12645-023-00174-x
https://www.ncbi.nlm.nih.gov/pubmed/37009262
https://doi.org/10.1101/2023.10.03.560674
https://doi.org/10.18632/oncotarget.10234
https://www.ncbi.nlm.nih.gov/pubmed/27356740


Pathogens 2025, 14, 129 41 of 41

293. Buenrostro, J.D.; Wu, B.; Litzenburger, U.M.; Ruff, D.; Gonzales, M.L.; Snyder, M.P.; Chang, H.Y.; Greenleaf, W.J. Single-cell
chromatin accessibility reveals principles of regulatory variation. Nature 2015, 523, 486–490. [CrossRef]

294. Cusanovich, D.A.; Daza, R.; Adey, A.; Pliner, H.A.; Christiansen, L.; Gunderson, K.L.; Steemers, F.J.; Trapnell, C.; Shendure, J.
Multiplex single cell profiling of chromatin accessibility by combinatorial cellular indexing. Science 2015, 348, 910–914. [CrossRef]
[PubMed]

295. Hum, C.; Loiselle, J.; Ahmed, N.; Shaw, T.A.; Toudic, C.; Pezacki, J.P. MicroRNA Mimics or Inhibitors as Antiviral Therapeutic
Approaches Against COVID-19. Drugs 2021, 81, 517–531. [CrossRef]

296. Hu, J.; Stojanovic, J.; Yasamineh, S.; Yasamineh, P.; Karuppannan, S.K.; Hussain Dowlath, M.J.; Serati-Nouri, H. The potential use
of microRNAs as a therapeutic strategy for SARS-CoV-2 infection. Arch. Virol. 2021, 166, 2649–2672. [CrossRef] [PubMed]

297. Chakraborty, C.; Sharma, A.R.; Sharma, G.; Lee, S.S. Therapeutic advances of miRNAs: A preclinical and clinical update. J. Adv.
Res. 2021, 28, 127–138. [CrossRef]

298. Ng, S.; Masarone, S.; Watson, D.; Barnes, M.R. The benefits and pitfalls of machine learning for biomarker discovery. Cell Tissue
Res. 2023, 394, 17–31. [CrossRef]

299. Atlante, S.; Mongelli, A.; Barbi, V.; Martelli, F.; Farsetti, A.; Gaetano, C. The epigenetic implication in coronavirus infection and
therapy. Clin. Epigenetics 2020, 12, 156. [CrossRef]

300. Patra, S.K.; Szyf, M. Epigenetic perspectives of COVID-19: Virus infection to disease progression and therapeutic control. Biochim.
Biophys. Acta Mol. Basis Dis. 2022, 1868, 166527. [CrossRef]

301. Vandereyken, K.; Sifrim, A.; Thienpont, B.; Voet, T. Methods and applications for single-cell and spatial multi-omics. Nat. Rev.
Genet. 2023, 24, 494–515. [CrossRef]

302. Pang, A.P.S.; Higgins-Chen, A.T.; Comite, F.; Raica, I.; Arboleda, C.; Went, H.; Mendez, T.; Schotsaert, M.; Dwaraka, V.; Smith, R.;
et al. Longitudinal Study of DNA Methylation and Epigenetic Clocks Prior to and Following Test-Confirmed COVID-19 and
mRNA Vaccination. Front. Genet. 2022, 13, 819749. [CrossRef]

303. Abiri, A.; Lavigne, M.; Rezaei, M.; Nikzad, S.; Zare, P.; Mergny, J.L.; Rahimi, H.R. Unlocking G-Quadruplexes as Antiviral Targets.
Pharmacol. Rev. 2021, 73, 897–923. [CrossRef]

304. Metifiot, M.; Amrane, S.; Litvak, S.; Andreola, M.L. G-quadruplexes in viruses: Function and potential therapeutic applications.
Nucleic Acids Res. 2014, 42, 12352–12366. [CrossRef]

305. Pathak, R. G-Quadruplexes in the Viral Genome: Unlocking Targets for Therapeutic Interventions and Antiviral Strategies.
Viruses 2023, 15, 2216. [CrossRef]

306. Baral, A.; Kumar, P.; Pathak, R.; Chowdhury, S. Emerging trends in G-quadruplex biology--role in epigenetic and evolutionary
events. Mol. Biosyst. 2013, 9, 1568–1575. [CrossRef]

307. Beaume, N.; Pathak, R.; Yadav, V.K.; Kota, S.; Misra, H.S.; Gautam, H.K.; Chowdhury, S. Genome-wide study predicts promoter-
G4 DNA motifs regulate selective functions in bacteria: Radioresistance of D. radiodurans involves G4 DNA-mediated regulation.
Nucleic Acids Res. 2013, 41, 76–89. [CrossRef]

308. Yadav, V.K.; Abraham, J.K.; Mani, P.; Kulshrestha, R.; Chowdhury, S. QuadBase: Genome-wide database of G4 DNA--occurrence
and conservation in human, chimpanzee, mouse and rat promoters and 146 microbes. Nucleic Acids Res. 2008, 36, D381–D385.
[CrossRef]

309. Ruggiero, E.; Richter, S.N. G-quadruplexes and G-quadruplex ligands: Targets and tools in antiviral therapy. Nucleic Acids Res.
2018, 46, 3270–3283. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nature14590
https://doi.org/10.1126/science.aab1601
https://www.ncbi.nlm.nih.gov/pubmed/25953818
https://doi.org/10.1007/s40265-021-01474-5
https://doi.org/10.1007/s00705-021-05152-5
https://www.ncbi.nlm.nih.gov/pubmed/34278528
https://doi.org/10.1016/j.jare.2020.08.012
https://doi.org/10.1007/s00441-023-03816-z
https://doi.org/10.1186/s13148-020-00946-x
https://doi.org/10.1016/j.bbadis.2022.166527
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.3389/fgene.2022.819749
https://doi.org/10.1124/pharmrev.120.000230
https://doi.org/10.1093/nar/gku999
https://doi.org/10.3390/v15112216
https://doi.org/10.1039/c3mb25492e
https://doi.org/10.1093/nar/gks1071
https://doi.org/10.1093/nar/gkm781
https://doi.org/10.1093/nar/gky187

	Introduction 
	Mechanisms of Epigenetic Regulation in Viral ARIs 
	DNA Methylation: Role in Viral Infection and Immune Response 
	Histone Modifications: Mechanisms and Implications in ARIs 
	Exploitation of Chromatin Remodeling Complexes: Mechanisms and Implications 
	Non-Coding RNAs: Roles of MicroRNAs and Long Non-Coding RNAs in ARIs 

	Epigenetic Regulation of Innate Immune Responses and Viral Immune Evasion 
	Toll-like Receptors (TLRs) 
	RIG-I-like Receptors (RLRs) 
	NOD-like Receptors (NLRs) 
	Absent in Melanoma 2 (AIM2)-like Receptors (ALRs) 
	C-Type Lectin Receptors (CLRs) 

	Impact of Viruses Associated with Viral ARIs on Host Epigenome 
	Influenza 
	Respiratory Syncytial Virus (RSV) 
	Human Rhinovirus (HRV) 
	Human Metapneumovirus (HMPV) 
	Adenovirus 
	Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 

	Susceptibility to Viral ARIs and Bacterial Co-Infections: Interactions, and Clinical Outcomes 
	Diagnostic Applications of Epigenetics in Viral ARIs 
	Epigenetic Biomarkers 
	Epigenetic Patterns for Disease Assessment and Risk Stratification 
	Histone Modifications and Viral miRNAs in Influenza A Virus 
	DNA Methylation and NETosis in SARS-CoV-2 

	Evidence of Epigenetic Immune Regulation from Human Studies 
	Evidence of Epigenetic Immune Regulation from In Vitro and Animal Models 

	Therapeutic Interventions Targeting Epigenetic Mechanisms 
	Epidrugs 
	Repurposed Drugs with Antiviral Properties 
	Off-Target Effects of Epidrugs 
	Immunomodulators as Antivirals: Insights from COVID-19 
	CRISPR/Cas9 and Epigenome Editing 
	Role of Precision Medicine in Targeting SARS-CoV-2 

	Discussion: Challenges and Future Perspectives 
	References

