viruses

Review

Role of miRNA in Highly Pathogenic H5 Avian Influenza Virus
Infection: An Emphasis on Cellular and Chicken Models

Dibakar Chowdhury ', Md. Nayeem %%, Hillary A. Vanderven 3%/5 and Subir Sarker 34*

check for
updates

Citation: Chowdhury, D.; Nayeem,
M.; Vanderven, H.A.; Sarker, S. Role
of miRNA in Highly Pathogenic H5
Avian Influenza Virus Infection: An
Emphasis on Cellular and Chicken
Models. Viruses 2024, 16, 1102.
https://doi.org/10.3390/v16071102

Academic Editors: Chiara Chiapponi

and Ana Moreno

Received: 19 June 2024
Revised: 1 July 2024
Accepted: 6 July 2024
Published: 9 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laboratory of Influenza Research, College of Veterinary Medicine, Chungnam National University,
Daejeon 34134, Republic of Korea; chowdhurydibakar565@gmail.com

One Health Institute, Chattogram Veterinary and Animal Sciences University, Khulshi,

Chattogram 4225, Bangladesh; mdnayeem4567@gmail.com

Biomedical Sciences & Molecular Biology, College of Public Health, Medical and Veterinary Sciences,
James Cook University, Townsville, QLD 4811, Australia; hillary.vanderven@jcu.edu.au

Australian Institute of Tropical Health and Medicine, James Cook University, Townsville, QLD 4811, Australia
Department of Microbiology and Immunology, Peter Doherty Institute for Infection and Immunity,
University of Melbourne, Parkville, VIC 3010, Australia

Correspondence: subir.sarker@jcu.edu.au

These authors contributed equally to this work.

Abstract: The avian influenza virus, particularly the H5N1 strain, poses a significant and ongoing
threat to both human and animal health. Recent outbreaks have affected domestic and wild birds on
a massive scale, raising concerns about the virus’ spread to mammals. This review focuses on the
critical role of microRNAs (miRNAs) in modulating pro-inflammatory signaling pathways during
the pathogenesis of influenza A virus (IAV), with an emphasis on highly pathogenic avian influenza
(HPAI) H5 viral infections. Current research indicates that miRNAs play a significant role in HPAI
H5 infections, influencing various aspects of the disease process. This review aims to synthesize
recent findings on the impact of different miRNAs on immune function, viral cytopathogenicity,
and respiratory viral replication. Understanding these mechanisms is essential for developing
new therapeutic strategies to combat avian influenza and mitigate its effects on both human and
animal populations.
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1. Introduction

Influenza viruses are members of the Orthomyxoviridae family, comprising four gen-
era depending on antigenic variations among nucleocapsid (NP) and matrix (M) proteins:
Alphainfluenzavirus (influenza A virus), Betainfluenzavirus (influenza B virus), Gammainfluen-
zavirus (influenza C virus), and Deltainfluenzavirus (influenza D virus) [1-3]. Influenza A
viruses (IAVs) possess two surface glycoproteins, namely hemagglutinin (HA) and neu-
raminidase (NA), which play critical roles in virus infectivity and replication. Influenza A
viruses are further categorized into subtypes based on the antigenicity of HA and NA, with
18 known HA subtypes (H1-H18) and 11 known NA subtypes (N1-N11). Influenza virus
HA binds to sialic acid on host cells and leads to the fusion of the enveloped virus with
the cell membrane, which is a vital stage in the viral life cycle [4]. IAVs are also capable
of causing serious illness and seasonal outbreaks in humans, with the capacity to spark
a global pandemic [5]. All viruses that cause avian influenza (Al) are IAVs [6]. Avian
influenza virus, particularly H5N1, outbreaks are affecting both domestic and wild birds
on an enormous scale, and it has already spread to mammals on multiple occasions (e.g.,
mink, dairy cattle, and humans) [7-9]. Around 193.9 million birds have died as a result
of the H5N1 and H5N8 outbreaks since 2020. The majority of these deaths were in wild
birds migrating from Europe to the Middle East that came into contact with the virus from
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domestic poultry [10]. In this review, the role of microRNAs in highly pathogenic avian
influenza (HPAI) virus infection is described.

MicroRNAs (miRNAs), typically around 20 to 25 nucleotides in size, are small RNA
molecules naturally occurring within cells of a variety of organisms, including both an-
imals [11-14] and plants [15-18]. MiRNA sequences’ biogenesis has been largely ex-
plained [19]. A distinctive stem-loop sequence known as a pre-mir, which may then be
removed from a longer primary transcript known as a pri-mir, is processed to produce
the mature miRNA (referred to as miR). Evidence indicates that miRNAs are transcribed
by RNA polymerase II, and the resulting transcripts are capped and polyadenylated, yet
only a small number of primary transcripts have been thoroughly characterized [20]. MiR-
NAs are identified using a combination of previously published criteria for both their
expression and biogenesis in order to avoid classifying siRNAs or pieces of other RNAs as
miRNAs [21]. The “miR” prefix and a distinct identification number (such as miR-1, miR-2,
and miR-89, etc.) are used to name microRNAs. The same three-letter prefix, capitalization,
hyphenation, and italics are used in the naming of the genes that encode the miRNA in
accordance with the organism’s conventions [21]. Among the databases dedicated to miR-
NAs, the miRBase database is the first automated pipeline for identifying miRNA target
genes in different animal genomes, combining the functions of a sequence database and
gene naming that were previously performed by the microRNA Registry [20,22].

MiRNAs have significant roles in both the normal and abnormal functions of air-
way cells, including pulmonary growth, immune response, fibrosis, and cancer develop-
ment [23]. MiRNAs are post-transcriptional regulators of gene expression. They target
specific RNA sequences and control protein production by binding to the untranslated
region of messenger RNA (mRNA) [15]. MiRNAs regulate various host-IAV interactions,
such as immune responses, cell cycle control, and apoptosis. Interactions between host
miRNAs and AV also control virus replication, translation, and pathogenicity. For example,
IAV infection decreases the levels of miR-4276 and miR-200a, leading to the apoptosis of
infected cells and a compromised inflammatory response [24], respectively. Numerous
miRNAs, like miR-650, play roles in antiviral defense by targeting either host or viral
genes [25]. Furthermore, certain miRNAs are crucial in modulating pro-inflammatory
signaling pathways during IAV infection. For instance, miR-29¢ and miR-451 levels rise
following IAV infection to suppress the inflammatory response of cells [26,27]. Viral infec-
tion either triggers or inhibits the expression of cellular miRNAs, which in turn modulate
the host response to infections. Two human miRNAs, namely miR-136 and miR-507 have
demonstrated a potential binding affinity for [AV genes responsible for encoding the poly-
merase basic 2 (PB2) and hemagglutinin (HA) proteins [28]. Further, miR-323, miR-491,
and miR-654 suppress the replication of an HIN1 IAV by controlling the BAX inhibitor
gene [14]. Following influenza virus infection, some miRNAs are crucial in preparing
airway cells for repair and regeneration [29]. Many cellular miRNAs are differentially
expressed during the IAV infection of host cells. As a result, the up- or downregulation of
specific miRNAs during IAV infection may serve as indicators for the pathophysiology or
severity of the influenza illness. Certain miRNAs are involved in modulating translation
(miR-9 increases IAV M1 and NP protein expression) [30], while others control transcription
(miR-485 suppresses the PB1 transcript by directly binding to the viral genome, which
leads to the inhibition of IAV replication) [31]. The infection pattern of an IAV could be
determined by examining the expression levels of cellular miRNAs; yet, certain miRNAs
target a single IAV subtype, while others target multiple IAV subtypes.

Taken together, the findings suggest that influenza virus infection can induce or sup-
press the production of miRNAs in various cells, including lung epithelial cells, alveolar
macrophages, and peripheral blood mononuclear cells (PBMCs), etc., which, in turn, either
promote or inhibit viral pathogenesis and replication. Therefore, the most promising candi-
dates for the development of miRNA-based treatments for influenza illness may be cellular
miRNAs that target genes involved in immune response, apoptosis, and proteases such as
furin that facilitate IAV entry into the cell. However, due to the immunopathogenic nature
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of influenza virus infection, caution must be exercised. In this review, we describe current
research indicating that miRNAs play a significant role in HPAI virus (HPAIV) infections
caused by H5 subtype viruses. We discuss the potential impact of these miRNAs on the
immune system, virus cytopathogenicity, and viral replication. Understanding the function
of miRNAs in HPAIV infection could enhance our understanding of the mechanisms of
IAV infection and suggest possible avenues for future miRNA-based therapies.

2. In Vitro Study of H5 Subtype Highly Pathogenic Avian Influenza Virus (HPAIV)
2.1. miRNA Studies in A549 Human Lung Epithelial Cells

A549 cells were infected with either HPAIV H5N1 or the pandemic 2009 HIN1 in-
fluenza virus to examine fluctuations in the levels of cellular miR-203. Both H5N1 and HIN1
IAVs triggered an increase in expression of miR-203 in A549 cells. They also investigated the
contribution of type I interferon (IFN) IEN to increased expression of miR-203 during IAV
infection by exposing A549 cells to IFN-o alone and subsequently extracting total RNA to
assess the levels of miR-203. There was an induction of miR-203 expression by IAV infection,
but type I IFN also strongly stimulated the expression of miR-203. Luciferase assay results
confirmed that the expression of miR-203 in IAV-infected A549 cells was strongly induced
at the transcriptional level by type I IFN [32]. Two transcription factors linked to the IFN
signaling pathway were the predicted cellular targets of miR-203: Interferon-stimulated
gene factor 3 (ISGF3) and Nuclear Factor kappa B (NF-«B). The ISGF3 complex plays a
crucial role in the IFN-stimulated JAK-STAT signaling pathway, consisting of a signal
transducer and activator of transcription 1 (STAT1), STAT2, and IRF9 [33]. Furthermore,
the NF-«kB pathway is stimulated by signaling cascades activated by IFN [34,35]. These two
transcription factors, ISGF3 and NF-«B, may play a significant role in triggering miR-203
expression and require further investigation (Figure 1). Additionally, their study findings
showed a correlation between DNA demethylation of the promoter region and miR-293
upregulation upon H5N1 infection in A549 and Vero cells. DNA Methyl Transferase 1
(DNMT1) has a significant role in DNA demethylation during H5N1 infection, and this
demethylation process could induce the expression of miR-203 regardless of the presence
of type I IFNs. Moreover, their results revealed that introducing miR-203 externally sup-
presses the replication of HSN1 HPAIV in A549 cells. The production of viral genomic
RNA during the initial phase of virus infection also appears to be more effective in cells
lacking miR-203 [32]. This study reports host gene DR1 (downregulator of transcription 1)
as a new target for miR-203. DR1 supports the replication of IAV by inhibiting IFN pro-
duction and directly promoting viral RNA replication through interaction with the viral
RNA-dependent RNA polymerase (RdRp) [36]. Zhang et al. demonstrated that silencing
DR1 using small interfering RNA (siRNA) reduced the level of endogenous DR1 expression
and hindered the replication of IAV, confirming that miR-203 restricts IAV replication by
targeting DR1 (Table 1). The outcome of this investigation underscores the potential of
miRNAs as a therapeutic approach for treating IAV infection [32].

RIG-I is a cytosolic pattern recognition receptor (PRR) that detects viral RNA and trig-
gers antiviral signaling [37-39]. Another study focusing on the interaction between miRNA
and RIG-I in A549 cells suggests that miRNA-136 plays a dual role in post-transcriptional
regulation and immune activation by modulating innate immunity against avian influenza
virus infection. They propose that the induction of miR-136 may have a significant im-
pact on H5N1 virus infection through interactions with the cytosolic pattern recognition
receptor RIG-I. MiR-136 was identified as an endogenous activator of RIG-I, potentially
aiding in the control of viral infections [40]. MicroRNAs also have the capability of trig-
gering pro-inflammatory cytokine production [41]. In A549 cells, miR-136 increased the
secretion of IL-6 and IFN-f3 compared with other miRNAs, like miR21, miR29a, and let7
(Figure 1) [42,43]. While all of these miRNAs have immunostimulatory properties, the
precise structural characteristics of miR-136 that promote the activation of RIG-I and the un-
derlying mechanistic differences remain an area of significant interest. MiR-136 is described
as a suppressor of IAV replication in vitro, suggesting its potential as a promising treatment
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for IAV and other viral infections (Table 1) [40]. MiR-188-3p has also been reported to inhibit
the replication of IAVs that can infect humans, such as the H5N6 and H7N9 subtypes, by
targeting the mRNA of the PB2 gene. MiR-188-3p reduces PB2 expression by binding
to predicted sites in the PB2 mRNA transcript. This effectively inhibits the replication
of IAVs (including HIN1, H5N6, and H7N9) in A549 cells. These findings indicate that
cellular miR-188-3p could be employed for RNAi-based therapeutic strategies against IAV
(Table 1) [44]. MiR-21-3p was found to be downregulated during H5N1 IAV infection and
may enhance influenza virus replication in A549 cells [45]. Furthermore, the H5N1 IAV’s
PB2 gene contains putative miRNA binding sites that may suppress H5N1 viral replication.
The binding sites for miR-584-5p and miR-1249 are located inside the PB2 gene of H5N1.
Both of these miRNAs downregulate PB2 expression in A549 cells, which prevents HIN1
and H5N1 IAV from replicating (Table 1). However, the HPAI H5N1 virus may be able to
counteract this suppressive effect by downregulating miRNAs that target its viral RNA [46].
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Figure 1. Overview of involvement of microRNAs in different host-mediated pathways against
HPAIV infection. The figure shows how microRNAs influence the virus’s entry and affect various
immune response signaling pathways, leading to the differential expression of several cytokines and
apoptotic factors.

A human microRNA profiling study using A549 cells reported that 15 common miR-
NAs, including the let-7 family, miR-10, miR-15, miR-21, miR-29, miR-30, miR-101, miR-132,
miR-148, and miR-548, were differentially expressed during H5N1 HPAIV infection. The
H5N1 HPALIV infection led to the greatest changes in miRNA expression compared with
uninfected A549 cells (Table 1). From this group of differentially expressed miRNAs, some
miRNAs (miR-let-7, miR-29, and miR-128) are only capable of targeting a single gene of
H5N1 IAV. However, miR-29 can also target cellular BCL2L2, an apoptosis-related gene.
Other target predictions showed that miR-660 and miR-128 target the PA gene of HSN1 1AV,
while miR-29a targets the HA gene. On the other hand, some miRNAs, such as miR-548
and miR-16, can target multiple influenza virus genes [47]. MiRNAs involving the let-7
family, miR-30a-c, miR-132, and miR-30e can target various genes involved in lung repair
(Table 1) [27,48]. The upregulation of miR-181c can suppress numerous genes related to
cellular immune defense, such as BCL2, IL-2, and TNFx. The downregulation of these host
genes enables the influenza virus to evade the suppressed host immune system (Table 1 and
Figure 1) [49-51]. Another miRNA of interest is miR-29¢, which can induce cell apoptosis
and is upregulated during H5N1 infection. Substantial evidence indicates that this miRNA
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plays a role in virus-induced apoptosis by repressing the anti-apoptotic agent BCL2L2
(Table 1) [52]. Interestingly, miR-484 is also upregulated in cells infected with H5N1 and
H3N2 IAVs. This miRNA inhibits furin, a proteolytic enzyme that cleaves the HAOQ protein
and facilitates influenza virus entry into host cells [53,54].

MiR-24, which is part of the miR-23 cluster, is a highly conserved microRNA found in
multiple vertebrates and is widely expressed across multiple tissues [55,56]. The role of
miR-24 as a post-transcriptional regulator was investigated using A549 cells. Specifically,
efforts were made to understand how miR-24 affects the cleavage of HAQ by furin. The
downregulation of furin-directed miRNAs by HPAIVs may increase furin expression,
thereby enhancing furin-mediated proteolytic cleavage of HAO glycoproteins and increasing
the generation of infectious virions. This study concentrated on the role of miR-24 during
H5NT1 IAV infection, given the pandemic potential of this virus and the presence of the
optimal furin cleavage sequence R-X-K/R-R between the HA1 and HA2 subunits [57-59].
The rapid, temporary induction of miR-24 after H5N1 IAV adsorption may be stimulated
by activation of the NF-«B signaling pathway, leading to the expression of miR-23b-27b-24
cluster members in A549 cells [60-62]. The overexpression of miR-24 decreases both furin
mRNA levels and its enzymatic activity in human A549 cells. Administration of exogenous
miR-24 also diminishes the release and spread of H5SN1 HPAIV in A549 cells [60].

Table 1. Differential expressions of microRNAs against HPAIV and their target sites revealed in
various studies using cell models.

microRNA Expression H5 Subtypes Cells Target Ref.
miR-203 Upregulation A/Vietnam/1194/2004 (H5N1) A549 DR1 [32]
miR-136 Upregulation A/chicken/Hubei/327 /2004 (H5N6) A549 IL6 [40]
miR-188-3P PB2 [44]
miR-345 PB2 [44]
miR-3183 A/chicken/Hubei/XY918/2016(H5N6)  A549 PB1 [44]
miR-769-3p NP [44]
miR-15a-3p PA [44]
miR-21-3p Downregulation A/goose/Jilin/hb/2003 (H5N1) A549 HDAC-8 [45]
let7 Upregulation Unknown [47]
miR-10 Downregulation Unknown [47]
miR-15 Upregulation Unknown [47]
miR-21 Upregulation Unknown [47]
miR-29¢ Upregulation BCL2L2 [47]
miR-29a Upregulation A/Thailand /NK165 /2005 (H5N1) A549 HA [47]
miR-30 Upregulation Unknown [47]
miR-101 Upregulation Unknown [47]
miR-132 Upregulation Unknown [47]
miR-148 Downregulation Unknown [47]
miR-548 Upregulation PB1, NS [47]
miR-128 Upregulation A549 PA [47]
miR-660 Upregulation A549 PA [47]
miR-16 Upregulation Ab549 PB2, PB1, PA,NS1, NP M  [47]
miR-181c Upregulation HoNT A549 BCL2, 112, TNFx [29]
miR-507 Unknown Unknown HA, PB2 [28]
miR-484 Downregulation A549 furin [53,54]
miR-24 Downregulation A549 furin [60]
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microRNA Expression H5 Subtypes Cells Target Ref.
. . . IL13RA1,
miR-100 Downregulation A/Thai/KAN1/2004 NCI-H292 IL18RAP, CYTL1 [63]
miR-141 Upregulation A/Thai/KAN1/2004 NCI-H292 CXCL12, TGFB2, CRLF3 [63]
miR-574-3p Downregulation A/Thai/KAN1/2004 NCI-H292 NDUFA42 [63]
. . . TNFAIPSL2, TNFAIP3,
miR-1274a Downregulation A/Thai/KAN1/2004 NCI-H292 BCL2L2, BCLAF1 [63]
. . . TNFAIPSL2,
miR-1274b Downregulation A/Thai/KAN1/2004 NCI-H292 ILIRAPL1, BCLAF1 [63]
. . . CCl17, 122, C20rf28,
miR-21 Downregulation A/Thai/KAN1/2004 NCI-H292 TNFSF13, CCL17, CCL19 [63]
miR-584-5p Downregulation A/Beijing /501/2009 A549 PB2 [46]
miR-1249 Downregulation A /Beijing/501/2009 A549 PB2 [46]
miR-181c¢ Upregulation A/Thai/KAN1/2004 NCI-H292 Unknown [63]
miR-210 Upregulation A/Thai/KAN1/2005 NCI-H292 Unknown [63]
miR-29b Upregulation A/Thai/KAN1/2006 NCI-H292 Unknown [63]
miR-483-3p Upregulation A/Thai/KAN1/2007 NCI-H292 Unknown [63]
miR-324-5p Upregulation A/Thai/KAN1/2008 NCI-H292 Unknown [63]
miR-663 Upregulation A/Thai/KAN1/2009 NCI-H292 Unknown [63]
miR-200a Upregulation A/Thai/KAN1/2010 NCI-H292 TGFpB [63]
miR-1246 Upregulation A/Thai/KAN1/2011 NCI-H292 Unknown [63]
miR-146a Downregulation A/Vietnam/3212/04 Primary human TRAF6 [64]
macrophage
Differentially regulated . Primary human IL8, MAPK11, )
has-let-7 based on time A/Vietnam/3212/04 macrophage MAPKS, MAP3K1 [64]
miR-485 Upregulation A/duck/India/02CA10/2011 (H5N1) HEK 293T, A549 PB1, RIG-1 [17]

2.2. miRNA Studies in NCI-H292 Cells, Human Macrophages and Human PBMCs

Human lung mucoepidermoid carcinoma cells, commonly known as NCI-H292 cells,
are another cellular model commonly used to study IAV virus pathogenesis. MiR-141 is
significantly upregulated by H5N1 IAV compared with HIN1 in infected NCI-H292 cells
and has the capability to inhibit the expression of TGF-32 (Figure 1). This was confirmed
by showing that the inhibition of TGF-f2 could be reversed by using antagomiR-141.
During the H5SN1 IAV infection of NCI-H292 cells, miR-141, miR-181c, miR-210, miR29b,
miR-483-3p miR-324-5p, and miR-663 showed significant upregulation compared with
uninfected cells (Table 1). An increase in miR-141 was shown to repress TGF-2 mRNA
and protein expression (Figure 1) [63]. The 3’ untranslated region (UTR) of TGF-2 mRNA
harbors a binding site for miR-141/200a, and the introduction of miR-141/200a into cells
leads to a notable decrease in TGF-32 [65,66]. Another miRNA profiling study reported
the upregulation of miR-5743P, miR663, and miR-1246 during H5N1 IAV infection [65].
Anti-inflammatory cytokines like TGF-32 play a crucial role in regulating the inflammatory
responses triggered by IAV infection, safeguarding the lung tissue from the harmful conse-
quences of virus-induced inflammation. The reduction in TGF-p2 caused by miR-141 could
represent an important step in the progression of excessive inflammation during H5N1
IAV infection (Figure 1). Another study using the NCI-H292 cell line found that H5N1 [AV
infection altered the expression of miR-21, miR-100, miR-141, miR-574-3p, and miR-1274a
and b (Table 1) [63].

MiRNA expression profiles in primary human monocyte-derived macrophages showed
that 10 cellular genes are upregulated at the early stage of HSN1 IAV infection compared
with HIN1 IAV infection due to their targeting miRNAs being downregulated [51]. The
downregulation of the hsa-let-7 family of tumor suppressor miRNAs correlated with an
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increase in mRNA transcripts for genes in the RIG-I-like receptor signaling pathway. An-
other miRNA, miR-146a, is predicted to target TRAF6, a key signal transducer involved
in RIG-I signaling. MiR-146a is significantly downregulated in response to H5N1 IAV
infection compared with cells infected with HIN1 IAV (Table 1) [64]. It was also proposed
that miR-146a is induced by toll-like receptor (TLR) 2, 4, and 5 ligands but not ligands
that activate TLR-3, -7, and -9 [67]. A recent study showed that miR-146a expression is
inversely correlated with TNF-o production [68]. MiR-146a is believed to play a crucial
role in regulating pro-inflammatory signaling during the innate immune response [69].
Downregulation of miR-146a in response to H5N1 IAV infection could be a key factor
driving the cytokine dysregulation observed in H5N1 influenza [70,71]. Studying this
miRNA, particularly in vivo, may be crucial for understanding H5N1 AV pathogenesis.
This association highlights the regulatory functions of miRNAs in the cellular response
to IAV infection, indicating that further research is needed to examine changes in miRNA
expression levels that contribute to viral pathogenesis.

Ingle and colleagues [31] investigated the presence of target sites for miR-485 within
the single-stranded RNA genome of H5N1 IAV. They identified a prominent target site
located in the segment that encodes the RdRp catalytic subunit PB1 (Table 1). The miR-485
target site in H5N1 IAV is preserved across different HA subtypes collected from diverse
regions and time periods. H5N1 IAV was found to induce the expression of miR-485 in
a variety of primary cells and cell lines, including human small airway epithelial cells
(SAECs) and human PBMCs, using microarray profiling and in silico screening. The dose-
dependent bi-specificity of miR-485 for both RIG-I (Figure 1) and H5N1 PB1 revealed that
endogenous miR-485 targets RIG-I mRNA in HEK 293T cells infected at a lower multiplicity
of infection (MOI), which leads to the suppression of antiviral response (Table 1). However,
in cells infected at a higher MOI, miRNA-485 changes its targets by binding with PB1, which
causes a restriction in viral replication. Depending on the severity of the viral infection, the
target of miR-485 shifts from RIG-I to PB1. This target switching suppresses the activation
of innate antiviral responses during low-level influenza virus infections [31]. There is
increasing evidence that viruses can decrease innate antiviral signaling through miRNA to
evade the immune system [72,73].

3. In Silico Prediction-Based miRNA Studies

There are already plenty of software programs available for miRNA target prediction
(e.g., TargetScan, Miranda), and each of them has unique parameters and algorithms. Three
hundred differentially expressed miRNAs were individually analyzed in an in silico study
for target sites in the complete sequence of the IAV (A /chicken/India/NIV33487/06(H5N1))
segment 8 encoding NS1. This analysis, which was performed using RNAhybrid 2.2, iden-
tified gga-miR-1658* as a miRNA that can potentially target the NS1 gene of the H5SN1
IAV genome [74]. The prediction tool for host microRNAs that target viruses, called ViTA,
uses the Miranda and TargetScan algorithms with a default minimum free energy (MFE) of
—10 kcal/mol [75]. However, for the analysis, this study utilized a value of —24 kcal/mol
because the lower the free energy, the firmer the binding structure is, and the more probable
it is that the binding is genuine [74]. Another essential consideration during target predic-
tion studies is that the specific target site must be accessible for the miRNA to function
in the biological system, making accessibility criteria crucial. There might be targets, but
if they are not accessible, they won’t have any effect on the system. For the secondary
structure to be accessible at the target site where the miRNA binds, at least three consec-
utive bases must be unpaired, which increases the efficiency of prediction [76]. The NS1
protein, which is abundantly expressed in infected cells, functions to inhibit the host IFN
response following IAV infection. As such, the NSI1 gene is also referred to as an IFN
antagonist [77], and it plays a crucial role in the establishment of H5N1 IAV infection.
Therefore, targeting the NS1 gene can disrupt the pathogenesis of the avian AIV, making
miRNA a promising tool for this intervention [77]. The NS1 protein of the H5N1 IAV may
also be targeted by hsa-miR-138, hsa-miR-525-5p, and hsa-miR-124, which were identified
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as possible sequence-specific treatment agents. These miRNAs have been implicated in
cancer and stress-related pathways, as well as the mTOR and MAPK pathways and host
cell regulatory mechanisms [78].

The main site of H5N1 IAV replication in chickens is the lungs. A target prediction
study identified miRNAs that may be able to bind to the transcript of HSN1 IAV segment
2 encoding PB1, PB1-F2, and N40. A set of 300 miRNAs expressed in chicken lungs were
screened against the HSN1 HPAIV segment 2 using a variety of screening parameters. It
is anticipated that chicken miRNAs gga-mir-133c, gga-mir-146¢c*, and gga-mir-1710 will
target the expression of the N40, PB1-F2, and PB1 genes. These miRNAs can be leveraged
in the development of strategies aimed at controlling avian influenza in chickens. Since
the secondary structure of RNA is dynamic in living cells, it may be inferred that miRNAs
exhibiting accessibility to the target site by both regional and global folding methods
have a higher chance of effectively downregulating the target proteins. Further biological
experiments, such as in vitro IAV challenge and luciferase reporter assays, are required to
assess the biological relevance and effectiveness of these miRNAs for the prevention of
H5NT1 IAV replication in chickens [79].

Another study predicted that human miRNAs targeting several IAV subtypes, includ-
ing H5N1, which may be helpful in blocking viral replication and improving knowledge
of how IAV interacts with host cells. A total of 31 cellular miRNAs were examined for
their ability to target HSN1 IAV (A /Thailand /NK165/2005) based on the outcome of hy-
bridization pattern and pairing energy analysis between human miRNAs and their target
viral gene. Furthermore, it was shown that the majority of these 31 miRNAs were directed
toward the H5N1 IAV PB and PB2 genes, which included nine miRNAs targeting each.
The only potential miRNA that could target the HIN1, H5N1, and H3N2 subtypes of the
influenza A virus was hsa-miR-3145. Consequently, it is possible that hsa-miRNA3145 is a
human cellular miRNA that broadly targets the IAV PB1 gene and is important in inhibiting
viral replication [80].

According to a prediction-based study, H5N1 IAV may increase its pathogenesis by
generating miRNAs that target genes implicated in important host cell processes. The
generation of nine pre-miRNAs was predicted from the H5N1 viral genome after refining
the sequences through computational miRNA prediction tools, iMiRNA-SSF and FOMmir
(fixed-order Markov model based on the secondary structural pattern). Using the mature-
Bayes and MiRduplexSVM algorithms, they also reported the location and sequencing of
eighteen mature miRNAs within the validated precursor miRNA sequences. Viral miRNAs
identified in this work may target genes that aid in the replication, transcription, and/or
translation of the virus itself [81]. Several H5N1 IAV-encoded miRNAs were predicted
by Li et al. (2018) and Hong et al. (2021), which could also advance our understand-
ing of the host-virus interaction specifically with regard to exosomal miRNA expression
against HPAIV H5N1 [82,83]. In summary, these studies highlight the potential of miRNAs,
both host-derived and viral, as strategic tools for targeting key viral genes and disrupting
the pathogenesis of H5N1 IAV, thus providing a promising avenue for developing novel
antiviral therapies.

4. miRNA Studies in an In Vivo Chicken Model

A miRNA expression study performed on the lungs of broiler and layer chickens
infected with an H5N3 IAV showed that gga-miR-146a was differentially expressed (up-
regulated) in the lungs of both infected broiler and layer chickens [84,85]. Three chicken
miRNAs, gga-mir-1599, 1719, and 1594, were upregulated across three different detection
methods: DESeq, Fisher’s exact test, and edgeR analysis. Seven miRNAs with differen-
tial expression patterns (including miR-34a, 30b, 202, 142-5p, 460b-5p, 449b, and 460a of
gga-miR) were predicted to have binding sites for IL-17 receptor D in infected broiler
chickens. Among these seven miRNAs, the first five were upregulated, and the last two
were downregulated. The miRNA gga-miR-34a was exclusively expressed in the infected
chicken lungs and was found to target the IAV genes HA, NA, PA, PB1, and PB2, as well
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as 14 immune-related genes. Some miRNAs that exhibit differential expression have nu-
merous expected viral targets, suggesting a complex interaction between host miRNA
expression and viral infection. For example, gga-miR-202 is predicted to target each of the
eight AIV genes. A miRNA profile in layer chickens infected with H5N3 IAV found more
downregulated miRNAs than upregulated miRNAs. In contrast, broiler chickens showed
more upregulated miRNAs than downregulated miRNAs following IAV infection [84,85].
The major disparities between the two studies likely result from the genetic divergence
between layer and broiler chickens, as these breeds have undergone extensive and varied
selection over time with a focus on egg production and growth, respectively. Significantly
elevated levels of miR-155 have been predicted to target the chicken anti-influenza gene
MX1, potentially contributing to HPAIV infection in chickens. The c-Jun NH2-terminal
kinases (JNK) pathway can be activated by miR-155 upregulation, which can induce apop-
tosis and may play a role in eliminating virus-infected cells [86,87]. To fully comprehend
the mechanism of underlying miRNA regulation during IAV infection in chickens, further
study is necessary.

The thymus and bursa of Fabricius are the key immunological organs in avian species,
in charge of cell-mediated immunity and humoral immunity, respectively. The spleen also
plays a crucial role in both innate and cell-mediated adaptive immunity during influenza
virus infections [88]. Consequently, a study was conducted to investigate the miRNAs
expressed in chicken and duck spleen, thymus, and bursa of Fabricius in the presence or ab-
sence of HSN1 HPAIV infection. Differences in miRNA repertoires and expression patterns
in the immunological organs were observed between Specific Pathogen-Free (SPF) chickens
and ducks [89]. In infected chickens, more miRNAs were upregulated in the immuno-
logical organs compared with ducks, where more miRNAs were downregulated [84,89].
Upregulated miRNAs in the chicken spleen, such as gga-miR-34c-5p, gga-miR-2188-5p,
gga-miR-200b-5p, gga-miR-146b-5p and gga-miR-122-5p, targeted genes in the B Cell
Receptor (BCR) signaling pathway. In the duck spleen, the downregulated miR-122-5p
targets RASGRP3, which supports BCR signaling. The distinct disease presentations of
chickens and ducks infected with H5N1 HPAIV may be greatly influenced by the divergent
expression of miRNAs targeting immune genes [89].

Small RNA-seq analyses were carried out to characterize the expression of miRNAs in
two different H5N1-infected Ri chicken lines (HPAIV-resistant and -susceptible) in order to
determine the mechanisms by which IAV infection influences the expression of miRNAs
linked to immune modulation [90]. In the susceptible line, gga-miR-146b-3p and gga-miR-
27b-3p were elevated in infected trachea samples compared with control samples. In the
resistant line, the IAV infection caused downregulation of gga-miR-451, which promoted the
release of inflammatory cytokines and apoptosis [90]. The expression of proteins involved
in the MAPK signaling cascade, including ZAK, MAP2K4, and TGF(32, were suppressed
by the upregulation of gga-miR-200a-3p in the resistant line [90,91]. Furthermore, in
the resistant line, gga-miR-2188-5p (targeting PLK2) was downregulated, whereas gga-
miR-200a-3p and gga-miR-203a (targeting MAP3K20 and MEF2c) were upregulated in
the infected trachea samples. The results indicate that the immune response against IAV
is significantly influenced by these differentially expressed miRNAs. These miRNAs
modulate the IAV replication pathway, TGF-3, MAPK, and TLR signaling pathways,
among other gene pathways implicated in IAV infection. Altogether, this research offers
fresh perspectives on how miRNAs modulate the immune response against H5N1 HPAIV
infection in chickens [90].

A total of miRNAs (miR-22-3p, miR-22-5p, miR-30e-5p, miR-31-5p, miR-32-5p, miR-
33-5p, miR-92-5p, miR-155, miR-184-3p, miR-215-5p, miR-451, and let-7b) were shown to be
differentially expressed in chicken lungs, immune organs, and embryo fibroblasts during
infections with H5N3, H5N1, and HIN2 IAVs [84,89,92]. These differentially expressed
miRNAs may play a crucial role in the interaction between chicken dendritic cells (DCs)
and HIN2 IAV [82]. Studies have shown that miR-21-3p and miR-7 are upregulated in
chicken DCs during HIN2 IAV infection. Two other miRNAs, miR-155 and miR-130b-3p,
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were reported to exhibit antiviral activity in chicken cells [93]. Further research is required
to explore the precise function of these miRNAs during HIN2 infection in chicken DCs.
In summary, the studies highlight the intricate roles of various miRNAs in modulating
the immune response to highly pathogenic H5 strains of avian influenza viruses (AIV)
in the in vivo models, emphasizing the complexity of host-pathogen interactions and
the potential for miRNAs to serve as biomarkers or therapeutic targets in combating
AlV infections.

5. Conclusions

Investigation into the role of miRNAs in the response to HPIAV infection, particularly
H5 subtypes, has yielded significant insights into the intricate interplay between host
cellular mechanisms and viral pathogenesis. The findings from various studies underscore
the pivotal role of miRNAs in modulating the immune response, regulating viral replication,
and influencing viral pathogenesis in different models, including A549, NCI-H292, Vero
cells, and in vivo chicken models.

Key miRNAs, including miR-203, miR-136, miR-188-3p, miR-21-3p, and miR-141, have
been identified as crucial regulators of IAV infection. These miRNAs influence various
pathways, such as IFN signaling, DNA demethylation, cytokine production, and viral RNA
replication. For instance, miR-203 has been shown to suppress H5N1 IAV replication by
targeting DR1, a host gene that facilitates viral RNA replication. Similarly, miR-136 acts
as an endogenous activator of RIG-I, bolstering antiviral innate immunity. MiR-188-3p
inhibits viral replication by targeting the PB2 gene of HSN6 and H7N9 IAVs. The differential
expression of miRNAs in response to IAV infection has been highlighted in numerous
independent studies, with significant variations observed between different subtypes of
IAV (e.g., H5N1 vs. HIN1) and different cell types. These differences underline the complex
regulatory networks at play and suggest potential targets for therapeutic intervention.

6. Recommendations for Future Research
1.  Therapeutic development:

o  Targeted miRNA therapeutics: Given the demonstrated efficacy of certain miR-
NAs (e.g., miR-203, miR-136, miR-188-3p) in suppressing IAV replication, de-
veloping miRNA-based therapeutics could be a promising approach. These
therapeutics could either mimic beneficial miRNAs or inhibit those that facilitate
viral replication and pathogenesis.

e  Combination therapies: Combining miRNA therapeutics with existing antiviral
drugs could enhance treatment efficacy and reduce the likelihood of resistance
development.

2. Further research:

e  Mechanistic studies: More in-depth studies are needed to fully elucidate the
mechanisms by which miRNAs regulate viral replication and host immune
responses. Understanding these mechanisms will aid in the design of more
effective therapeutic strategies.

e Invivo validation: Conducting in vivo studies using animal models is crucial to
validate the findings from in vitro studies. These studies will help in understand-
ing the systemic effects of miRNA modulation and the potential side effects.

3. Diagnostic Tools:

e  miRNA profiling: Developing diagnostic tools that profile miRNA expression in
response to IAV infection could aid in early detection and personalized treatment
strategies. This could also help in monitoring the progression of the infection
and the efficacy of therapeutic interventions.

4.  Public health strategies:
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e  Vaccination and monitoring: Continued emphasis on vaccination programs and
monitoring of avian influenza outbreaks is essential. Integrating miRINA research
with these programs could improve vaccine design and outbreak response strategies.

By focusing on these recommendations, researchers and healthcare professionals
can harness the potential of miRNAs to develop innovative solutions for combating IAV
infections, thereby improving public health outcomes and mitigating the impact of an
influenza pandemic.

Author Contributions: Conceptualization, D.C., M.N., H.A.V. and S.S.; methodology, D.C. and M.N,;
formal analysis, D.C. and M.N.; investigation, D.C. and M.N.; resources, S.S.; data curation, D.C.,
M.N. and S.S.; writing—original draft preparation, D.C. and M.N.; writing—review and editing, all
authors; visualization, D.C., M.N., H.A.V. and S.S.; supervision, H.A.V. and S.S.; funding acquisition,
S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Sarker is the recipient of an Australian Research Council Discovery Early
Career Researcher Award (grant number DE200100367) funded by the Australian Government. The
Australian Government had no role in the study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  King, A.M,; Lefkowitz, E.; Adams, M.].; Carstens, E.B. Virus Taxonomy: Ninth Report of the International Committee on Taxonomy of
Viruses; Elsevier: Amsterdam, The Netherlands, 2011; Volume 9.

2. Hause, BM,; Collin, E.A,; Liu, R.; Huang, B.; Sheng, Z.; Lu, W.; Wang, D.; Nelson, E.A ; Li, F. Characterization of a novel influenza
virus in cattle and swine: Proposal for a new genus in the Orthomyxoviridae family. mBio 2014, 5, e€00031-14. [CrossRef] [PubMed]

3.  Kilbourne, E.D. Taxonomy and Comparative Virology of the Influenza Viruses. In Influenza; Springer: Boston, MA, USA, 1987;
pp. 25-32. [CrossRef]

4. Skehel, ].J.; Wiley, D.C. Receptor binding and membrane fusion in virus entry: The influenza hemagglutinin. Annu. Rev. Biochem.
2000, 69, 531-569. [CrossRef] [PubMed]

5. Taubenberger, ].K.; Morens, D.M. The pathology of influenza virus infections. Annu. Rev. Pathol. Mech. Dis. 2008, 3, 499-522.
[CrossRef] [PubMed]

6. Swayne, D.E,; Suarez, D.L.; Sims, L.D. Influenza. In Diseases of Poultry; Wiley: Hoboken, NJ, USA, 2020; pp. 210-256.

7. Ly, H. Highly pathogenic avian influenza H5N1 virus infections of dairy cattle and livestock handlers in the United States of
America. Virulence 2024, 15, 2343931. [CrossRef] [PubMed]

8. Agtiero, M.; Monne, I.; Sanchez, A.; Zecchin, B.; Fusaro, A.; Ruano, M.J.; Del Valle Arrojo, M.; Fernandez-Antonio, R.; Souto,
A.M.; Tordable, P; et al. Highly pathogenic avian influenza A (H5N1) virus infection in farmed minks, Spain, October 2022.
Eurosurveillance 2023, 28, 2300001. [CrossRef] [PubMed]

9. Ng, W.E; To, K.E. Pathology of human H5N1 infection: New findings. Lancet 2007, 370, 1106-1108. [CrossRef] [PubMed]

10. Shi, J.; Zeng, X.; Cui, P; Yan, C.; Chen, H. Alarming situation of emerging H5 and H7 avian influenza and effective control
strategies. Emerg. Microbes Infect. 2023, 12, 2155072. [CrossRef] [PubMed]

11. Lagos-Quintana, M.; Rauhut, R.; Lendeckel, W.; Tuschl, T. Identification of novel genes coding for small expressed RNAs. Science
2001, 294, 853-858. [CrossRef]

12.  Lau, N.C,; Lim, L.P; Weinstein, E.G.; Bartel, D.P. An abundant class of tiny RNAs with probable regulatory roles in Caenorhabditis
elegans. Science 2001, 294, 858-862. [CrossRef]

13. Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity
to lin-14. Cell 1993, 75, 843-854. [CrossRef]

14.  Mourelatos, Z.; Dostie, J.; Paushkin, S.; Sharma, A.; Charroux, B.; Abel, L.; Rappsilber, J.; Mann, M.; Dreyfuss, G. miRNPs: A novel
class of ribonucleoproteins containing numerous microRNAs. Genes Dev. 2002, 16, 720-728. [CrossRef] [PubMed]

15. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297. [CrossRef] [PubMed]

16. Llave, C.; Kasschau, K.D.; Rector, M.A.; Carrington, J.C. Endogenous and silencing-associated small RNAs in plants. Plant Cell

2002, 14, 1605-1619. [CrossRef] [PubMed]


https://doi.org/10.1128/mBio.00031-14
https://www.ncbi.nlm.nih.gov/pubmed/24595369
https://doi.org/10.1007/978-1-4684-5239-6_2
https://doi.org/10.1146/annurev.biochem.69.1.531
https://www.ncbi.nlm.nih.gov/pubmed/10966468
https://doi.org/10.1146/annurev.pathmechdis.3.121806.154316
https://www.ncbi.nlm.nih.gov/pubmed/18039138
https://doi.org/10.1080/21505594.2024.2343931
https://www.ncbi.nlm.nih.gov/pubmed/38632687
https://doi.org/10.2807/1560-7917.ES.2023.28.3.2300001
https://www.ncbi.nlm.nih.gov/pubmed/36695488
https://doi.org/10.1016/S0140-6736(07)61490-1
https://www.ncbi.nlm.nih.gov/pubmed/17905148
https://doi.org/10.1080/22221751.2022.2155072
https://www.ncbi.nlm.nih.gov/pubmed/36458831
https://doi.org/10.1126/science.1064921
https://doi.org/10.1126/science.1065062
https://doi.org/10.1016/0092-8674(93)90529-Y
https://doi.org/10.1101/gad.974702
https://www.ncbi.nlm.nih.gov/pubmed/11914277
https://doi.org/10.1016/S0092-8674(04)00045-5
https://www.ncbi.nlm.nih.gov/pubmed/14744438
https://doi.org/10.1105/tpc.003210
https://www.ncbi.nlm.nih.gov/pubmed/12119378

Viruses 2024, 16, 1102 12 of 14

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Park, W.; Li, ].; Song, R.; Messing, ]J.; Chen, X. CARPEL FACTORY, a Dicer homolog, and HEN1, a novel protein, act in microRNA
metabolism in Arabidopsis thaliana. Curr. Biol. 2002, 12, 1484-1495. [CrossRef] [PubMed]

Reinhart, B.].; Weinstein, E.G.; Rhoades, M.W.; Bartel, B.; Bartel, D.P. MicroRNAs in plants. Genes Dev. 2002, 16, 1616-1626.
[CrossRef] [PubMed]

Kim, V.N. MicroRNA biogenesis: Coordinated cropping and dicing. Nat. Rev. Mol. Cell Biol. 2005, 6, 376-385. [CrossRef]
[PubMed]

Griffiths-Jones, S.; Grocock, R.J.; Van Dongen, S.; Bateman, A.; Enright, A.]. miRBase: MicroRNA sequences, targets and gene
nomenclature. Nucleic Acids Res. 2006, 34, D140-D144. [CrossRef] [PubMed]

Ambros, V.; Bartel, B.; Bartel, D.P; Burge, C.B.; Carrington, J.C.; Chen, X.; Dreyfuss, G.; Eddy, S.R.; Griffiths-Jones, S.;
Marshall, M.; et al. A uniform system for microRNA annotation. RNA 2003, 9, 277-279. [CrossRef] [PubMed]

Griffiths-Jones, S. The microRNA registry. Nucleic Acids Res. 2004, 32 (Suppl. S1), D109-D111. [CrossRef]

Sittka, A.; Schmeck, B. MicroRNAs in the Lung. In MicroRNA Cancer Regulation: Advanced Concepts, Bioinformatics and Systems
Biology Tools; Springer: Berlin/Heidelberg, Germany, 2013; pp. 121-134.

Othumpangat, S.; Noti, ].D.; Beezhold, D.H. Lung epithelial cells resist influenza A infection by inducing the expression of
cyto-chrome c oxidase VIc which is modulated by miRNA 4276. Virology 2014, 468, 256-264. [CrossRef]

Pichulik, T.; Khatamzas, E.; Liu, X.; Brain, O.; Garcia, M.D.; Leslie, A.; Danis, B.; Mayer, A.; Baban, D.; Ragoussis, J.; et al. Pattern
recognition receptor mediated downregulation of microRNA-650 fine-tunes MxA expression in dendritic cells infected with
influenza A virus. Eur. J. Immunol. 2016, 46, 167-177. [CrossRef] [PubMed]

Zhang, X.; Dong, C.; Sun, X,; Li, Z.; Zhang, M.; Guan, Z.; Duan, M. Induction of the cellular miR-29¢c by influenza virus inhibits
the innate immune response through protection of A20 mRNA. Biochem. Biophys. Res. Commun. 2014, 450, 755-761. [CrossRef]
[PubMed]

Tan, K.S.; Choi, H,; Jiang, X.; Yin, L.; Seet, ].E.; Patzel, V.; Engelward, B.P.; Chow, V.T. Micro-RNAs in regenerating lungs: An
integrative systems biology analysis of murine influenza pneumonia. BMC Genom. 2014, 15, 587. [CrossRef] [PubMed]

Scaria, V.; Hariharan, M.; Maiti, S.; Pillai, B.; Brahmachari, S.K. Host-virus interaction: A new role for microRNAs. Retrovirology
2006, 3, 68. [CrossRef] [PubMed]

Song, L.; Liu, H,; Gao, S.; Jiang, W.; Huang, W. Cellular microRNAs inhibit replication of the HIN1 influenza a virus in infected
cells. J. Virol. 2010, 84, 8849-8860. [CrossRef] [PubMed]

Dong, C.; Sun, X.; Guan, Z.; Zhang, M.; Duan, M. Modulation of influenza A virus replication by microRNA-9 through targeting
MCPIP1. . Med. Virol. 2017, 89, 41-48. [CrossRef] [PubMed]

Ingle, H.; Kumar, S.; Raut, A.A.; Mishra, A.; Kulkarni, D.D.; Kameyama, T.; Takaoka, A.; Akira, S.; Kumar, H. The microRNA
miR-485 targets host and influenza virus transcripts to regulate antiviral immunity and restrict viral replication. Sci. Signal. 2015,
8, ral26. [CrossRef] [PubMed]

Zhang, S.; Li, J.; Li, J.; Yang, Y.; Kang, X,; Li, Y.; Wu, X,; Zhu, Q.; Zhou, Y.; Hu, Y. Up-regulation of microRNA-203 in influenza A
virus infection inhibits viral replication by targeting DR1. Sci. Rep. 2018, 8, 6797. [CrossRef]

Ivashkiv, L.B.; Donlin, L.T. Regulation of type I interferon responses. Nat. Rev. Immunol. 2014, 14, 36-49. [CrossRef]

Gaur, P; Munjal, A; Lal, S.K. Influenza virus and cell signaling pathways. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2011, 17,
RA148. [CrossRef]

Yang, C.H.; Murti, A.; Pfeffer, L.M. IFN induces NIK/TRAF-dependent NF-«B activation to promote cell survival. J. Biol. Chem.
2005, 280, 31530. [CrossRef] [PubMed]

Hsu, S.-F; Su, W.-C.; Jeng, K.-S.; Lai, M.M.C. A host susceptibility gene, DR1, facilitates influenza a virus replication by
suppressing host innate immunity and enhancing viral RNA replication. . Virol. 2015, 89, 3671-3682. [CrossRef] [PubMed]
Gack, M.U,; Shin, Y.C; Joo, C.-H.; Urano, T.; Liang, C.; Sun, L.; Takeuchi, O.; Akira, S.; Chen, Z.; Inoue, S.; et al. TRIM25
RING-finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity. Nature 2007, 446, 916-920. [CrossRef] [PubMed]
Wies, E.; Wang, M.K.; Maharaj, N.P; Chen, K.; Zhou, S.; Finberg, R.W.; Gack, M.U. Dephosphorylation of the RNA sensors RIG-I
and MDADS by the phosphatase PP1 Is essential for innate immune signaling. Immunity 2013, 38, 437-449. [CrossRef] [PubMed]
Zeng, W.; Sun, L.; Jiang, X.; Chen, X.; Hou, F; Adhikari, A.; Xu, M.; Chen, Z.J. Reconstitution of the RIG-I pathway reveals a
signaling role of unanchored polyubiquitin chains in innate immunity. Cell 2010, 141, 315-330. [CrossRef] [PubMed]

Zhao, L.; Zhu, J.; Zhou, H.; Zhao, Z.; Zou, Z.; Liu, X,; Lin, X.; Zhang, X.; Deng, X.; Wang, R.; et al. Identification of cellular
microRNA-136 as a dual regulator of RIG-I-mediated innate immunity that antagonizes H5N1 IAV replication in A549 cells. Sci.
Rep. 2015, 5, 14991. [CrossRef] [PubMed]

Olejniczak, M.; Galka, P.; Krzyzosiak, W.J. Sequence-non-specific effects of RNA interference triggers and microRNA regulators.
Nucleic Acids Res. 2009, 38, 1-16. [CrossRef] [PubMed]

Lehmann, S.M.; Kriiger, C.; Park, B.; Derkow, K.; Rosenberger, K.; Baumgart, J.; Trimbuch, T.; Eom, G.; Hinz, M.; Kaul, D.; et al.
An unconventional role for miRNA: Let-7 activates Toll-like receptor 7 and causes neurodegeneration. Nat. Neurosci. 2012, 15,
827-835. [CrossRef] [PubMed]

Sioud, M. Induction of inflammatory cytokines and interferon responses by double-stranded and single-stranded siRNAs is
sequence-dependent and requires endosomal localization. J. Mol. Biol. 2005, 348, 1079-1090. [CrossRef]

Cui, H.; Zhang, C.; Zhao, Z.; Zhang, C.; Fu, Y.; Li, J.; Chen, G,; Lai, M,; Li, Z.; Dong, S.; et al. Identification of cellular microRNA
miR-188-3p with broad-spectrum anti-influenza A virus activity. Virol. J. 2020, 17, 12. [CrossRef]


https://doi.org/10.1016/S0960-9822(02)01017-5
https://www.ncbi.nlm.nih.gov/pubmed/12225663
https://doi.org/10.1101/gad.1004402
https://www.ncbi.nlm.nih.gov/pubmed/12101121
https://doi.org/10.1038/nrm1644
https://www.ncbi.nlm.nih.gov/pubmed/15852042
https://doi.org/10.1093/nar/gkj112
https://www.ncbi.nlm.nih.gov/pubmed/16381832
https://doi.org/10.1261/rna.2183803
https://www.ncbi.nlm.nih.gov/pubmed/12592000
https://doi.org/10.1093/nar/gkh023
https://doi.org/10.1016/j.virol.2014.08.007
https://doi.org/10.1002/eji.201444970
https://www.ncbi.nlm.nih.gov/pubmed/26460926
https://doi.org/10.1016/j.bbrc.2014.06.059
https://www.ncbi.nlm.nih.gov/pubmed/24953694
https://doi.org/10.1186/1471-2164-15-587
https://www.ncbi.nlm.nih.gov/pubmed/25015185
https://doi.org/10.1186/1742-4690-3-68
https://www.ncbi.nlm.nih.gov/pubmed/17032463
https://doi.org/10.1128/JVI.00456-10
https://www.ncbi.nlm.nih.gov/pubmed/20554777
https://doi.org/10.1002/jmv.24604
https://www.ncbi.nlm.nih.gov/pubmed/27322373
https://doi.org/10.1126/scisignal.aab3183
https://www.ncbi.nlm.nih.gov/pubmed/26645583
https://doi.org/10.1038/s41598-018-25073-9
https://doi.org/10.1038/nri3581
https://doi.org/10.12659/MSM.881801
https://doi.org/10.1074/jbc.M503120200
https://www.ncbi.nlm.nih.gov/pubmed/16009713
https://doi.org/10.1128/JVI.03610-14
https://www.ncbi.nlm.nih.gov/pubmed/25589657
https://doi.org/10.1038/nature05732
https://www.ncbi.nlm.nih.gov/pubmed/17392790
https://doi.org/10.1016/j.immuni.2012.11.018
https://www.ncbi.nlm.nih.gov/pubmed/23499489
https://doi.org/10.1016/j.cell.2010.03.029
https://www.ncbi.nlm.nih.gov/pubmed/20403326
https://doi.org/10.1038/srep14991
https://www.ncbi.nlm.nih.gov/pubmed/26450567
https://doi.org/10.1093/nar/gkp829
https://www.ncbi.nlm.nih.gov/pubmed/19843612
https://doi.org/10.1038/nn.3113
https://www.ncbi.nlm.nih.gov/pubmed/22610069
https://doi.org/10.1016/j.jmb.2005.03.013
https://doi.org/10.1186/s12985-020-1283-9

Viruses 2024, 16, 1102 13 of 14

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

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] [PubMed]

Wang, R.; Zhang, Y.-Y.; Lu, J.-S.; Xia, B.-H.; Yang, Z.-X,; Zhu, X.-D.; Zhou, X.-W.; Huang, P.-T. The highly pathogenic H5N1
influenza A virus down-regulated several cellular Micro RNA s which target viral genome. J. Cell. Mol. Med. 2017, 21, 3076-3086.
[CrossRef] [PubMed]

Makkoch, J.; Poomipak, W.; Saengchoowong, S.; Khongnomnan, K.; Praianantathavorn, K,; Jinato, T.; Poovorawan, Y.; Payung-
porn, S. Human microRNAs profiling in response to influenza A viruses (subtypes pH1N1, H3N2, and H5N1). Exp. Biol. Med.
2016, 241, 409-420. [CrossRef]

Globiniska, A.; Pawelczyk, M.; Kowalski, M.L. MicroRNAs and the immune response to respiratory virus infections. Expert Rev.
Clin. Immunol. 2014, 10, 963-971. [CrossRef] [PubMed]

Ouyang, Y.-B.; Lu, Y,; Yue, S.; Giffard, R.G. miR-181 targets multiple Bcl-2 family members and influences apoptosis and
mitochondrial function in astrocytes. Mitochondrion 2012, 12, 213-219. [CrossRef] [PubMed]

Sun, X.; Icli, B.; Wara, A.K.; Belkin, N.; He, S.; Kobzik, L.; Hunninghake, G.M.; Vera, M.P.; MICU Registry; Blackwell, T.S.; et al.
MicroRNA-181b regulates NF-kB-mediated vascular inflammation. J. Clin. Investig. 2012, 122, 1973-1990. [PubMed]

Xue, Q.; Guo, Z.-Y,; Li, W,; Wen, W.-H.; Meng, Y.-L.; Jia, L.-T.; Wang, J.; Yao, L.-B.; Jin, B.-Q.; Wang, T.; et al. Human activated
CD4+ T lymphocytes increase IL-2 expression by downregulating microRNA-181c. Mol. Immunol. 2011, 48, 592-599. [CrossRef]
Guan, Z.; Shi, N.; Song, Y.; Zhang, X.; Zhang, M.; Duan, M. Induction of the cellular microRNA-29¢c by influenza virus contributes
to virus-mediated apoptosis through repression of antiapoptotic factors BCL2L2. Biochem. Biophys. Res. Commun. 2012, 425,
662-667. [CrossRef] [PubMed]

Horimoto, T.; Nakayama, K.; Smeekens, S.P.; Kawaoka, Y. Proprotein-processing endoproteases PC6 and furin both activate
hemagglutinin of virulent avian influenza viruses. J. Virol. 1994, 68, 6074—6078. [CrossRef]

Stieneke-Grober, A.; Vey, M.; Angliker, H.; Shaw, E.; Thomas, G.; Roberts, C.; Klenk, H.; Garten, W. Influenza virus hemagglutinin
with multibasic cleavage site is activated by furin, a subtilisin-like endoprotease. EMBO J. 1992, 11, 2407-2414. [CrossRef]
Bang, C.; Fiedler, J.; Thum, T. Cardiovascular importance of the microRNA-23/27/24 family. Microcirculation 2012, 19, 208-214.
[CrossRef] [PubMed]

Chhabra, R.; Dubey, R.; Saini, N. Cooperative and individualistic functions of the microRNAs in the miR-23a~ 27a~ 24-2 cluster
and its implication in human diseases. Mol. Cancer 2010, 9, 232. [CrossRef] [PubMed]

Basak, A.; Zhong, M.; Munzer, ].S.; Chrétien, M.; Seidah, N.G. Implication of the proprotein convertases furin, PC5 and PC7
in the cleavage of surface glycoproteins of Hong Kong, Ebola and respiratory syncytial viruses: A comparative analysis with
fluorogenic peptides. Biochem. J. 2001, 353, 537-545. [CrossRef]

Kawaoka, Y.; Webster, R.G. Sequence requirements for cleavage activation of influenza virus hemagglutinin expressed in
mammalian cells. Proc. Natl. Acad. Sci. USA 1988, 85, 324-328. [CrossRef] [PubMed]

Seidah, N.G. The proprotein convertases, 20 years later. Proprotein Convert. 2011, 768, 23-57.

Loveday, E.-K.; Diederich, S.; Pasick, J.; Jean, F. Human microRNA-24 modulates highly pathogenic avian-origin H5N1 influenza
A virus infection in A549 cells by targeting secretory pathway furin. J. Gen. Virol. 2015, 96, 30-39. [CrossRef] [PubMed]

Xu, W.; Chen, M,; Ge, N.; Xu, ]. Hemagglutinin from the H5N1 virus activates janus kinase 3 to dysregulate innate immunity.
PLoS ONE 2012, 7, €31721. [CrossRef]

Zhou, R;; Hu, G.; Gong, A.-Y.; Chen, X.-M. Binding of NF-kappaB p65 subunit to the promoter elements is involved in LPS-induced
transactivation of miRNA genes in human biliary epithelial cells. Nucleic Acids Res. 2010, 38, 3222-3232. [CrossRef]

Lam, W.-Y,; Yeung, A.C.-M.; Ngai, K.L.-K,; Li, M.-S,; To, K.-F.; Tsui, S.K.-W.; Chan, PK.-S. Effect of avian influenza A H5N1
infection on the expression of microRNA-141 in human respiratory epithelial cells. BMC Microbiol. 2013, 13, 104. [CrossRef]
Zhang, N.; Bao, Y.-J.; Tong, A H.-Y.; Zuyderduyn, S.; Bader, G.D.; Peiris, ].5.M.; Lok, S.; Lee, S.M.-Y. Whole transcriptome analysis
reveals differential gene expression profile reflecting macrophage polarization in response to influenza A H5N1 virus infection.
BMC Med Genom. 2018, 11, 20. [CrossRef]

Chan, PK.S.; To, K.E; Lam, W.Y. Avian influenza A H5N1 infection on human cellular microRNA profile: Identification of gene
regulatory pathway. Hong Kong Med. J. 2014, 20 (Suppl. S6), 7-10.

Wang, F-Z.; Weber, F,; Croce, C.; Liu, C.-G,; Liao, X.; Pellett, PE. Human cytomegalovirus infection alters the expression of cellular
microRNA species that affect its replication. . Virol. 2008, 82, 9065-9074. [CrossRef] [PubMed]

Williams, A.E.; Perry, M.M.; Moschos, S.A.; Larner-Svensson, H.M.; Lindsay, M.A. Role of miRNA-146a in the regulation of the
innate immune response and cancer. Biochem. Soc. Trans. 2008, 36, 1211-1215. [CrossRef] [PubMed]

Nahid, A.; Satoh, M.; Chan, E.K.L. Mechanistic role of microRNA-146a in endotoxin-induced differential cross-regulation of TLR
signaling. J. Immunol. 2011, 186, 1723-1734. [CrossRef] [PubMed]

Roy, S.; Sen, C.K. MiRNA in innate immune responses: Novel players in wound inflammation. Physiol. Genom. 2011, 43, 557-565.
[CrossRef]

De Jong, M.D.; Simmons, C.P; Thanh, T.T.; Hien, VM.; Smith, G.].D.; Chau, TN.B.; Hoang, D.M.; Van Vinh Chau, N.; Khanh, T.H.;
Dong, V.C.; et al. Fatal outcome of human influenza A (H5N1) is associated with high viral load and hypercytokinemia. Nat. Med.
2006, 12, 1203-1207. [CrossRef]

Peiris, ].S.M.; de Jong, M.D.; Guan, Y. Avian influenza virus (H5N1): A threat to human health. Clin. Microbiol. Rev. 2007, 20,
243-267. [CrossRef]


https://doi.org/10.3389/fcimb.2018.00175
https://www.ncbi.nlm.nih.gov/pubmed/29888214
https://doi.org/10.1111/jcmm.13219
https://www.ncbi.nlm.nih.gov/pubmed/28609011
https://doi.org/10.1177/1535370215611764
https://doi.org/10.1586/1744666X.2014.913482
https://www.ncbi.nlm.nih.gov/pubmed/24784476
https://doi.org/10.1016/j.mito.2011.09.001
https://www.ncbi.nlm.nih.gov/pubmed/21958558
https://www.ncbi.nlm.nih.gov/pubmed/22622040
https://doi.org/10.1016/j.molimm.2010.10.021
https://doi.org/10.1016/j.bbrc.2012.07.114
https://www.ncbi.nlm.nih.gov/pubmed/22850539
https://doi.org/10.1128/jvi.68.9.6074-6078.1994
https://doi.org/10.1002/j.1460-2075.1992.tb05305.x
https://doi.org/10.1111/j.1549-8719.2011.00153.x
https://www.ncbi.nlm.nih.gov/pubmed/22136461
https://doi.org/10.1186/1476-4598-9-232
https://www.ncbi.nlm.nih.gov/pubmed/20815877
https://doi.org/10.1042/bj3530537
https://doi.org/10.1073/pnas.85.2.324
https://www.ncbi.nlm.nih.gov/pubmed/2829180
https://doi.org/10.1099/vir.0.068585-0
https://www.ncbi.nlm.nih.gov/pubmed/25234642
https://doi.org/10.1371/journal.pone.0031721
https://doi.org/10.1093/nar/gkq056
https://doi.org/10.1186/1471-2180-13-104
https://doi.org/10.1186/s12920-018-0335-0
https://doi.org/10.1128/JVI.00961-08
https://www.ncbi.nlm.nih.gov/pubmed/18596100
https://doi.org/10.1042/BST0361211
https://www.ncbi.nlm.nih.gov/pubmed/19021527
https://doi.org/10.4049/jimmunol.1002311
https://www.ncbi.nlm.nih.gov/pubmed/21178010
https://doi.org/10.1152/physiolgenomics.00160.2010
https://doi.org/10.1038/nm1477
https://doi.org/10.1128/CMR.00037-06

Viruses 2024, 16, 1102 14 of 14

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Haller, O.; Kochs, G.; Weber, F. The interferon response circuit: Induction and suppression by pathogenic viruses. Virology 2006,
344,119-130. [CrossRef]

Schiitz, S.; Sarnow, P. Interaction of viruses with the mammalian RNA interference pathway. Virology 2006, 344, 151-157.
[CrossRef]

Asaf, VN.M.,; Kumar, A.; Raut, A.A.; Bhatia, S.; Mishra, A. In-silico search of virus-specific host microRNAs regulating avian
influenza virus NS1 expression. Theory Biosci. 2015, 134, 65-73. [CrossRef]

Hsu, PW.-C; Lin, L.-Z.; Hsu, S.-D.; Hsu, ].B.-K.; Huang, H.-D. ViTa: Prediction of host microRNAs targets on viruses. Nucleic
Acids Res. 2007, 35 (Suppl. S1), D381-D385. [CrossRef] [PubMed]

Robins, H.; Li, Y.; Padgett, R.W. Incorporating structure to predict microRNA targets. Proc. Natl. Acad. Sci. USA 2005, 102,
4006-4009. [CrossRef] [PubMed]

Garcia-Sastre, A. Interferon Antagonists of Influenza Viruses, in Modulation of Host Gene Expression and Innate Immunity by Viruses;
Springer: Berlin/Heidelberg, Germany, 2005; pp. 95-114.

Koparde, P; Singh, S. Prediction of micro RNAs against H5N1 and H1IN1 NS1 Protein: A Window to Sequence Specific Therapeutic
Development. . Data Min. Genom. Proteom. 2010, 1, 104. [CrossRef]

Kumar, A.; Muhasin, A.V;; Raut, A.A.; Sood, R.; Mishra, A. Identification of chicken pulmonary miRNAs targeting PB1, PB1-F2,
and N40 genes of highly pathogenic avian influenza virus H5N1 in silico. Bioinform. Biol. Insights 2014, 8, BB1.S514631. [CrossRef]
[PubMed]

Khongnomnan, K.; Poomipak, W.; Poovorawan, Y.; Payungporn, S. In silico analysis of human microRNAs targeting influenza
A viruses (subtype HIN1, H5N1 and H3N2). Int. |. Med. Health Sci. 2012, 6, 554-560.

Noor, F; Saleem, M.H.; Javed, M.R,; Chen, J.-T.; Ashfaq, U.A.; Okla, M.K.; Abdel-Maksoud, M.A.; Alwasel, Y.A.; Al-Qahtani, WH.;
Alshaya, H.; et al. Comprehensive computational analysis reveals H5N1 influenza virus-encoded miRNAs and host-specific
targets associated with antiviral immune responses and protein binding. PLoS ONE 2022, 17, €0263901. [CrossRef] [PubMed]
Hong, Y,; Truong, A.D.; Lee, J.; Vu, T.H,; Lee, S.; Song, K.-D.; Lillehoj, H.S.; Hong, Y.H. Exosomal miRNA profiling from H5N1
avian influenza virus-infected chickens. Vet. Res. 2021, 52, 36. [CrossRef] [PubMed]

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] [PubMed]

Wang, Y.; Brahmakshatriya, V.; Lupiani, B.; Reddy, S.M.; Soibam, B.; Benham, A.L.; Gunaratne, P.; Liu, H.-C.; Trakooljul, N.;
Ing, N.; et al. Integrated analysis of mictoRNA expression and mRNA transcriptome in lungs of avian influenza virus infected
broilers. BMC Genom. 2012, 13, 278. [CrossRef]

Wang, Y.; Brahmakshatriya, V.; Zhu, H.; Lupiani, B.; Reddy, S.M.; Yoon, B.-].; Gunaratne, PH.; Kim, ].H.; Chen, R.; Wang, ].; et al.
Identification of differentially expressed miRNAs in chicken lung and trachea with avian influenza virus infection by a deep
sequencing approach. BMC Genom. 2009, 10, 512. [CrossRef]

O’Connell, RM.; Taganov, K.D.; Boldin, M.P,; Cheng, G.; Baltimore, D. MicroRNA-155 is induced during the macrophage
inflammatory response. Proc. Natl. Acad. Sci. USA 2007, 104, 1604-1609. [CrossRef] [PubMed]

Taganov, K.D.; Boldin, M.P; Chang, K.-J.; Baltimore, D. NF-kB-dependent induction of microRNA miR-146, an inhibitor targeted
to signaling proteins of innate immune responses. Proc. Natl. Acad. Sci. USA 2006, 103, 12481-12486. [CrossRef] [PubMed]

Wu, H.; Kumar, A.; Miao, H.; Holden-Wiltse, J.; Mosmann, T.R.; Livingstone, A.M.; Belz, G.T.; Perelson, A.S.; Zand, M.S;
Topham, D.J. Modeling of influenza-specific CD8+ T cells during the primary response indicates that the spleen is a major source
of effectors. J. Immunol. 2011, 187, 4474-4482. [CrossRef] [PubMed]

Li, Z,; Zhang, J.; Su, J.; Liu, Y.; Guo, J.; Zhang, Y.; Lu, C.; Xing, S.; Guan, Y,; Li, Y.; et al. MicroRNAs in the immune organs of
chickens and ducks indicate divergence of immunity against HSN1 avian influenza. FEBS Lett. 2015, 589, 419-425. [CrossRef]
[PubMed]

Kang, S.; Vu, TH.; Heo, J.; Kim, C.; Lillehoj, H.S.; Hong, Y.H. Analysis of miRNA expression in the trachea of Ri chicken infected
with the highly pathogenic avian influenza H5N1 virus. . Veter. Sci. 2023, 24, €73. [CrossRef] [PubMed]

Pham, T.T.; Ban, J.; Hong, Y.; Lee, J.; Vu, T.H.; Truong, A.D,; Lillehoj, H.S.; Hong, Y.H. MicroRNA gga-miR-200a-3p modulates
immune response via MAPK signaling pathway in chicken afflicted with necrotic enteritis. Vet. Res. 2020, 51, 8. [CrossRef]
[PubMed]

Peng, X.; Gao, Q.S.; Zhou, L.; Chen, Z.H.; Lu, S.; Huang, H.J.; Zhan, C.Y.; Xiang, M. microRNAs in avian influenza virus
H9N2-infected and non-infected chicken embryo fibroblasts. Genet. Mol. Res. 2015, 14, 9081-9091. [CrossRef]

Yang, J.; Huang, X,; Liu, Y,; Zhao, D.; Han, K.; Zhang, L.; Li, Y; Liu, Q. Analysis of the microRNA expression profiles of chicken
dendritic cells in response to HON2 avian influenza virus infection. Veter. Res. 2020, 51, 132. [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/10.1016/j.virol.2005.09.024
https://doi.org/10.1016/j.virol.2005.09.034
https://doi.org/10.1007/s12064-015-0211-9
https://doi.org/10.1093/nar/gkl1009
https://www.ncbi.nlm.nih.gov/pubmed/17148483
https://doi.org/10.1073/pnas.0500775102
https://www.ncbi.nlm.nih.gov/pubmed/15738385
https://doi.org/10.4172/2153-0602.1000104
https://doi.org/10.4137/BBI.S14631
https://www.ncbi.nlm.nih.gov/pubmed/25002813
https://doi.org/10.1371/journal.pone.0263901
https://www.ncbi.nlm.nih.gov/pubmed/35533150
https://doi.org/10.1186/s13567-021-00892-3
https://www.ncbi.nlm.nih.gov/pubmed/33658079
https://doi.org/10.1038/cr.2018.3
https://www.ncbi.nlm.nih.gov/pubmed/29327729
https://doi.org/10.1186/1471-2164-13-278
https://doi.org/10.1186/1471-2164-10-512
https://doi.org/10.1073/pnas.0610731104
https://www.ncbi.nlm.nih.gov/pubmed/17242365
https://doi.org/10.1073/pnas.0605298103
https://www.ncbi.nlm.nih.gov/pubmed/16885212
https://doi.org/10.4049/jimmunol.1101443
https://www.ncbi.nlm.nih.gov/pubmed/21948988
https://doi.org/10.1016/j.febslet.2014.12.019
https://www.ncbi.nlm.nih.gov/pubmed/25541489
https://doi.org/10.4142/jvs.23141
https://www.ncbi.nlm.nih.gov/pubmed/38031652
https://doi.org/10.1186/s13567-020-0736-x
https://www.ncbi.nlm.nih.gov/pubmed/32014061
https://doi.org/10.4238/2015.August.7.17
https://doi.org/10.1186/s13567-020-00856-z

	Introduction 
	In Vitro Study of H5 Subtype Highly Pathogenic Avian Influenza Virus (HPAIV) 
	miRNA Studies in A549 Human Lung Epithelial Cells 
	miRNA Studies in NCI-H292 Cells, Human Macrophages and Human PBMCs 

	In Silico Prediction-Based miRNA Studies 
	miRNA Studies in an In Vivo Chicken Model 
	Conclusions 
	Recommendations for Future Research 
	References

