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Abstract: Influenza is a global epidemic infectious disease that causes a significant number of ill-
nesses and deaths annually. Influenza exhibits high variability and infectivity, constantly jumping

from birds to mammals. Genomic mutations of the influenza virus are a central mechanism lead-
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ing to viral variation and antigenic evolution. Amino acid substitutions and avoidance of microR-
NA recognition elements are crucial in facilitating the virus to cross species barriers. This review

summarizes the types of genomic mutations in the influenza virus, their roles and mechanisms in
10.2174/0113892029316603240926051325 CTOSSINg species barriers, and analyzes the impact of these mutations on human health.
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1. INTRODUCTION

Influenza virus, an RNA virus belonging to the family
Orthomyxoviridae, possesses a segmented genome consist-
ing of eight single-stranded negative-sense RNA molecules.
Each RNA segment encodes multiple proteins, including the
surface proteins hemagglutinin (HA) and neuraminidase
(NA), the viral RNA polymerases PB1, PB2, and PA, the
matrix protein (M) involved in virus structure, the nucleopro-
tein (NP) forming the viral core, and the non-structural pro-
tein (NS). During synthesis, the HA protein is produced as a
precursor called HAQ, which subsequently undergoes proteo-
lytic cleavage at a conserved arginine residue into HA1 and
HAZ2 subunits. This cleavage process is essential for the in-
fectivity of the virus. Viruses carrying highly cleavable HAs
can cause a rapidly fatal multisystemic infection in poultry,
known as Highly Pathogenic Avian Influenza (HPAI),
whereas avian [AVs lacking multiple basic amino acid sites
are referred to as Low Pathogenic Avian Influenza (LPAI)
[1]. Highly Pathogenic Influenza Viruses (HPIV), such as
H5N1 and H7NO, typically induce severe respiratory diseas-
es with high morbidity and mortality rates when transmitted
from birds or other animals to humans, posing a significant
threat to human health.

On the other hand, Low Pathogenic Influenza Virus sub-
types (LPIV), like HINI and H3N2, generally cause mild
symptoms resembling the common cold, including fever,
cough, sneezing, headache, and nasal congestion, but usual-
ly do not lead to severe complications or death. Genomic mu-
tations can transform low-pathogenic influenza viruses into
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highly pathogenic ones, triggering global pandemics and im-
pacting influenza viruses' antigenicity, transmissibility, and
treatment strategies. Understanding the types and mech-
anisms of genomic mutations in influenza viruses is crucial
for developing preventive and control measures.

2. THE BASIC STRUCTURE OF THE INFLUENZA
VIRUS AND ITS MUTATIONS

High pathogenic influenza virus often causes severe im-
mune damage to the host, possibly due to enhanced viral
genome replication and strong activation of the immune re-
sponse at the transcriptional level [2]. PB1 protein is a core
component of the influenza virus, playing a crucial role in vi-
ral replication and transcription processes. As part of the
RNA polymerase complex along with PB2 and PA proteins.
Studies have shown that crucial amino acid residues and mo-
tifs within PB1-F2 can influence the virulence of Influenza
A Virus (IAV) in a strain- and host-specific manner by in-
ducing apoptosis, regulating type I IFN response, activating
inflammasomes, and promoting secondary bacterial infec-
tions [3].

Interactions between PB1 protein and other viral pro-
teins facilitate viral genome replication and transcription
within host cells, thereby enhancing viral replication and
spread. MAVS is a protein involved in immune responses
critical to cellular signaling. Research suggests that binding
of PB1-F2 to MAVS protein may lead to MAVS sequestra-
tion and inactivation, potentially affecting the immune sys-
tem's response to the virus. Moreover, studies indicate that
the N66S mutation in PB1-F2 enhances its affinity for
MAYVS binding, leading to more effective suppression of
RIG-I-dependent type I Interferon (IFN) production by dissi-
pating mitochondrial transmembrane potential [4, 5]. Given
the significant role of PB1 protein in the lifecycle of the in-
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fluenza virus, it serves as an essential target for studying an-
tiviral drugs and vaccine development. Transcriptomic analy-
sis has revealed that the N66S mutation in PB1-F2 inhibits
early type I IFN response but exacerbates late-stage IFN re-
sponse during IAV infection [6, 7]. The delayed induction of
type I IFN by PB1-F2 with the S66 mutation enhances viral
lung titers and exacerbates pulmonary immunopathology in
[AV-infected mice [8]. Additionally, mutations such as
PB1-Q621R have been associated with increased viral repli-
cation and transmission in piglets [9]. A study that intro-
duced mutations 1298L, K386R, and V5171 in the PB1 gene
observed reduced viral growth and decreased hemagglutina-
tion titers and neuraminidase activity compared to the wild-
type virus [10].

The PB2 protein is crucial in the influenza virus. Com-
mon mutations at the 627th amino acid position include E (g-
lutamic acid) and K (lysine). This mutation can affect the
pathogenicity and adaptability of the influenza virus. Gener-
ally, the PB2 protein with the 627E mutation is commonly
associated with avian influenza viruses, while the PB2 pro-
tein with the 627K mutation is typically associated with hu-
man influenza viruses. The 627K mutation can enhance the
replication capability and adaptability of the influenza virus
in human respiratory tract cells, thereby increasing the risk
of human-to-human transmission. For example, the H5N1
avian influenza virus possesses this mutation, enabling it to
infect humans [11]. Isolate CS/1000 of the human H3NS
virus has the PB2-E627V substitution [12], which is related
to the adaptability of the HSN1 virus, enhanced polymerase
activity of the HIN2 virus, and increased toxicity to mice.
Studies have indicated that in birds and mammals,
PB2-627V exhibits transmissibility and stability [13-15]. In
the PB2 protein of HPAI H7NO, the substitutions T271A,
Q591K, E627K, and D701N are associated with increased
polymerase activity and enhanced toxicity in mice [16, 17].
Additionally, in the PB2 protein of the HION3 virus, Glu(G-
lutamate) is detected at the 627th position, indicating avian
replicative characteristics without an increase in pathogenici-
ty.

Furthermore, the 701 Asp (Aspartic Acid)and 702 Lys
(Lysine)in the PB2 protein display avian replicative prefer-
ences [17]. Several replacement mutations, such as PB2-
1292V, PB2-R389K, and PB2-A588V, have significantly in-
creased in recent years. Among these, PB2-A588V is consid-

ered a key mutation site for co-adaptation to birds and mam-
mals [18].

Moreover, the PB2-D195N in LPAI HON2 notably in-
creases polymerase activity in mammalian cells [19]. The
virulence of the HION4 virus exhibits a 40% mortality rate
in non-pre-adapted mice, and molecular analysis indicates
the presence of the PB2-D195N mutation. Further research
must understand the relationship between PB2-D195N sub-
stitution and mouse pathogenicity [20]. For H3N2, the resi-
dues encoded in the PB2 gene: 271A, 5908, 591R, and
661A, as well as the 669V residue encoded in the PA gene,
support the viewpoint that these swine viruses represent an
increased risk of zoonotic transmission [21-24].
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Hemagglutinin (HA) and Neuraminidase (NA) are two
crucial surface proteins of the influenza virus. It is generally
recognized that there are 16 HA and 9 subtypes of NA. Re-
cently, new subtypes H17, H18, N10, and N11 have been
identified in bats, leading to the classification of influenza-
like viruses [25].

HA, also known as hemagglutinin, is a glycoprotein on
the surface of the influenza virus with functions related to
blood clotting and viral invasion of host cells. HA plays a vi-
tal role in the virus-host cell interaction by binding to specif-
ic receptors on the host cell surface, facilitating viral attach-
ment and entry into the host cell through endocytosis.
Studies on the Eurasian avian-like HIN1 swine flu virus
have shown that a glycine (G) to glutamic acid (E) substitu-
tion at amino acid position 225 in the HA1 protein acceler-
ates virus assembly and budding, enhancing the spread of
the virus in guinea pigs [26]. A double amino acid change,
DI190E, and D225G, in the HA protein also abolish the
1918/HINT1 influenza virus transmission in ferrets [27]. Ami-
no acid residues 222 and 226 in the HA protein are crucial
for binding the 2009/HIN1 virus to human receptors and in-
ter-mammalian transmission [28, 29].

The HA protein's membrane-binding site (MBS) is criti-
cal for the influenza virus to enter host cells. Studies on high-
ly pathogenic H5N1 found that infection of endothelial cells
by H5N1 leads to excessive cytokine production, compro-
mising lung endothelial barrier integrity and causing vascu-
lar leakage and viral pneumonia. The MBS in HA is essen-
tial for the endothelial cell-mediated pathogenesis of HSN1
[30]. Mutations at positions 158 or 160 results in the loss of
N-glycosylation sites at HA positions 158-160, affecting re-
ceptor binding specificity and the virulence of HPAI HS5
viruses [31].

The stability of HA has been shown to promote adapta-
tion in humans and ferrets by aiding virus particles in resist-
ing inactivation in mildly acidic environments, allowing
them to trigger both early and late endosomal membrane fu-
sion [32]. Compared to wild-type viruses with an HA activa-
tion pH of 5.6-6.0, those with a stable pH protein exhibit
more excellent fitness, virulence, and transmissibility in
chickens and wild ducks. An HA activation pH above 5.5
supports replication and transmission in avian hosts, while a
pH of 5.5 or below favors upper respiratory tract replication
and airborne transmission in ferrets. Interestingly, opposite
effects were observed regarding viral replication and patho-
genicity in the lungs [33]. The A/HIN1/2009 HA protein
has an activation pH of 6.0, a relatively high value typically
associated with avian influenza viruses, facilitating a more
muscular type I IFN response by accelerating infection of
dendritic cells [34]. In H7TN9 HA, the A125T + A151T +
L217Q mutation enhances the stability of the virus. The
A125T and A151T double mutations introduce glycosyla-
tion at amino acids 123 and 149, reducing the thermal stabili-
ty of the virus HA, while L217Q significantly improves the
thermal stability of the virus HA [35].

Neuraminidase (NA) is a glycoprotein on the surface of
influenza viruses, playing a crucial role in the late stages of
the virus replication cycle. NA cleaves the bonds between su-
gar molecules on the virus and host cell surfaces, facilitating
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the release of newly formed viruses and promoting viral
spread. Additionally, NA helps prevent virus aggregation on
cell surfaces, thereby avoiding recognition and clearance by
the host immune system. NA is involved in the regulation of
CD83, contributing to hypercytokinemia. Treatment target-
ing CD83 can alleviate lung damage induced by the influen-
za virus in mice, offering a novel approach for preventing
and treating lung injury caused by the influenza virus [36].

Hemagglutinin (HA) and NA are vital factors in the in-
fection and transmission of influenza viruses. HA mediates
virus entry into host cells, while NA is involved in virus re-
lease and spread. They are integral components of influenza
virus antigens and crucial targets for vaccine development,
prevention, and treatment. Antibodies targeting HA and NA
can neutralize the virus, blocking its invasion and transmis-
sion, thus providing immunity against the influenza virus.
The balance between HA and NA is essential for virus gener-
ation, host adaptation, and interspecies transmission [37-39].
The higher binding ability of HA to receptors can enhance
the cleavage efficiency of NA [40]. However, elevated activ-
ity or inhibition of HA or NA can disrupt the HA-NA bal-
ance, leading to mutations in both proteins [41-43]. Re-
search has identified HA mutations induced by NA antibody
pressure, where increased NA antibody pressure enhances
mutations at positions 166, 198, and 234 in HON2 virus HA.
Mutants containing Q234 and N166 exhibit a higher affinity
for avian receptors but a weaker affinity for human recep-
tors. Glycosylation at position 166 (corresponding to posi-
tion 158 in H3 numbering) can enhance the pathogenicity of
HS5N1 and H5N6 viruses in mice [44]. In a report from
2019, the presence of the I117T point mutation was identi-
fied in the NA gene segment of SKH13NG6, indicating a ge-
netic variation at that position [45].

Regarding NS1 protein, HSN8-B subclade 2.3.4.4 virus-
es prefer a shorter NS1 with a truncated C-terminus, resem-
bling human influenza viruses and AIVs infecting humans
and animals. HSNS viruses carrying the truncated NS1 show
higher intercellular transmission capability, more effectively
inhibit IFN-p response, and induce less apoptosis, with mini-
mal impact on viral replication in human lung cells. Trunca-
tion of NS1 also increases the virulence of HSNS in mice, re-
gardless of the virus backbone, making it a virulence marker
for HSN8-like viruses in mammals [46]. The single amino
acid mutation P42S in the NS1 gene of H5N1 (A/Duck/
Guangxi/12/03) has been linked to increased virulence in
mice, while the V149A mutation in HSN1 (A/Goose/Guang-
dong/1/96) has been shown to increase virulence in chickens
[47]. Additionally, the V149A mutation reduces interferon
production in chicken embryonic fibroblast cells (CEF) [48,
49].

In the case of NP protein, introducing the NP-R351K mu-
tation promotes the effective transmission of RG-EA2, an
early European avian swine virus, indicating that this mini-
mal molecular change is essential for significantly enhanc-
ing swine transmission capabilities [9]. NP (N319K) and
HA (N133D) have been described as enhancing the interac-
tion with host factor importin-alpha, leading to increased
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virus replication and human-like receptor binding properties
[50-53]. Another study on H5N1 has indicated that the pres-
ence of valine (V) at position 105 and lysine (K) at position
184 in the NP gene leads to increased pathogenicity in chick-
ens [54]. Moreover, the presence of valine at position 105
(105V) may be a determining factor for avian influenza
virus (AIV) adaptation from ducks to chickens [55]. Reverse
genetic studies on highly pathogenic HSN1 avian influenza
viruses have demonstrated that the amino acid residues 30D
and 215A in the M1 protein contribute to increased patho-
genicity in mice for AIV [49, 56].

In conclusion, understanding the mutations of the in-
fluenza virus is crucial for assessing its pathogenicity (Fig.
1). In-depth research on the virus’s protein and its functions
contributes to a better understanding of the mechanisms un-
derlying influenza virus infection, laying a theoretical foun-
dation for preventing and treating influenza and related dis-
eases.
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Fig. (1). Common mutation sites of eight gene segments of the in-
fluenza virus. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

3. ANTIGEN DRIFT AND ANTIGEN SHIFT ARE
TWO TYPES OF INFLUENZA VIRUS MUTATION

Antigen Drift refers to the gradual accumulation of point
mutations in the influenza virus, leading to changes in sur-
face antigens (hemagglutinin and neuraminidase). This type
of mutation occurs slower and is typically predicted and tar-
geted for adjustment in seasonal influenza vaccines. As a re-
sult of antigenic drift, varying degrees of immune protection
against the same virus strain may occur within the popula-
tion, gradually weakening the effectiveness of previous im-
munity acquired from influenza infection [57]. For example,
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in a study investigating two human-adapted strains of H1 he-
magglutinin, it was found that residues E190 and G225 mu-
tated to D190 and D225, altering the specific binding of HA
glycoprotein to human a2,6-linked SA receptors. Specifical-
ly, HA glycoproteins containing E190/G225, E190/D225, or
D190/G225 exhibited dual receptor binding specificity,
while those containing D190/D225 and D190/E225 preferen-
tially bound to human receptors. Similarly, mutations
Q226L and G228S in the HA of H2 and H3 led to a shift in
receptor binding preference from avian to human receptors,
and in H5 HA, the Q226L mutation also resulted in a change
to human receptor binding preference [58]. Furthermore,
three amino acid mutations (VI186N/K-K193T-G228S) in
HA were reported to confer a shift in receptor specificity to-
wards human receptors, potentially facilitating efficient
transmission of type A influenza viruses within mammalian
hosts [16, 59].

On the other hand, Antigen Shift involves extensive anti-
genic changes resulting from genetic reassortment of the in-
fluenza virus. This genetic reassortment can occur when two
or more influenza virus strains infect the same host, leading
to the emergence of new virus strains, and can also occur in
animals. The pandemics caused by the H2N2 virus in 1957
and the H3N2 virus in 1968 are examples of genetic reassor-
tants, deriving three (HA, NA, polymerase essential protein
1 (PB1)) or two (HA and PB1) gene segments from avian in-
fluenza viruses, along with the remaining gene segments
from previously circulating human influenza viruses [1]. In
2010, a mild clinical disease-causing recombinant HIN2 in-
fluenza virus was isolated in the UK from pigs. This recom-
binant virus harbored a novel gene constellation, combining
internal gene segments from pHIN1-origin viruses and he-
magglutinin and neuraminidase gene segments from swine
IAV HIN2 origin, enhancing genetic diversity of circulating
strains and potentially promoting genetic changes at the hu-
man-animal interface, thus increasing the potential for gener-
ating new viruses with altered disease phenotypes or adapt-
ed to new host species. Although this virus did not exhibit in-
creased virulence, it demonstrated high inter- and intra-spe-
cies transmissibility [60-62]. In 2012, a recombinant virus
carrying seven genes from pHIN1/09 and the HA gene of
H5N1 could be transmitted among ferrets after acquiring the
HA-N224K/Q226L/T3181 mutations [63]. In 2013, the
LPAIH7NO virus acquired four amino acid insertions at the
HA protein cleavage site and subsequently mutated into
HPAI H7N9 in late May 2016. The HPAI H7N9 virus is fur-
ther reassorted with LPAI H7N9 or HIN2 viruses, generat-
ing multiple distinct genotypes [16, 64]. In 2021, a novel
H3NS8 virus-causing human infection originated in chickens,
representing a typical cross-species transmission event. This
virus is a triple reassorting strain, possessing the H3 gene
from Eurasian avian influenza viruses, the N§ gene from
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North American avian influenza viruses, and dynamic inter-
nal genes from HIN2 avian influenza viruses. Despite the
low risk of the H3N8 virus infecting humans, with only spo-
radic cases reported, the virus has already acquired the abili-
ty to bind to human-type receptors. Given its potential for
pandemic spread, comprehensive monitoring of the H3N8
virus in poultry populations and the environment is crucial,
and close surveillance of avian-to-human transmission
events is warranted [65, 66]. With the ongoing circulation of
the HIN1pdmO9 virus in humans, the introduction of this
seasonal HIN1 virus into pigs annually has facilitated the re-
combination and diversification of HA and NA in local
swine lineages [67]; these variations have been associated
with the G155E mutation, detected in 12% of swine pdm09
genes and occurring at least 76 times in phylogenetic analy-
sis. This amino acid plays a significant role in antigenic vari-
ation in swine H1 viruses [68].

In summary, Antigen Drift involves the gradual accumu-
lation of point mutations in the influenza virus, leading to
surface antigen changes and weakening previously acquired
immunity. On the other hand, antigen shift results from the
genetic reassortment of the virus, leading to extensive anti-
genic changes and the emergence of new virus strains with
pandemic potential (Fig. 2). Both processes highlight the on-
going challenge of influenza virus surveillance, vaccine de-
velopment, and pandemic preparedness.

4. FACTORS INFLUENCING INFLUENZA VIRUS
CROSSING SPECIES BARRIERS

Influenza viruses cross species barriers to infect humans
due to two main factors: the Hemagglutinin (HA) receptor
binding specificity and the ability of the viral polymerase to
replicate effectively in mammalian cells. The host range of
the Influenza A Virus (IAV) is determined by its ability to in-
fect and replicate within a host. Avian Specifically, the virus
must adapt its HA protein to bind to human cell receptors
and ensure efficient replication in mammalian cells. Unders-
tanding and addressing these factors are essential for compre-
hending interspecies transmission of avian influenza viruses
and developing strategies to prevent future pandemics.

5. HA RECEPTOR BINDING SITE

The ability of influenza viruses to cross species barriers
and achieve interspecies transmission depends on overcom-
ing replication barriers caused by species differences. The
HA protein of influenza virus is responsible for binding to
the surface glycoprotein structures of host cells, allowing the
virus to enter and infect the host cell. There are two glycosy-
lation receptor binding sites on the HA protein: a-2,3 and
a-2,6. Human IAVs typically use long-chain 02,6-linked SA
for binding, while avian IAVs use a cone-shaped topology
to bind to a2,3-linked SA [1].
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Fig. (2). Antigen drift and antigen shift promote transmission of influenza virus interspecies. (4 higher resolution / colour version of this fig-

ure is available in the electronic copy of the article).

The a-2,3 receptor binding site refers to the region on
the HA protein of the influenza virus that interacts with
0-2,3 sialic acid residues on the surface of host cells. Avian
influenza viruses typically use this binding site because
avian respiratory tract glycoproteins contain a-2,3 sialic
acid. The a-2,6 receptor binding site refers to the region on
the HA protein that interacts with a-2,6 sialic acid on host
cells. This binding site is predominantly used by human in-
fluenza viruses as the respiratory tract glycoproteins in hu-
mans mainly contain a-2,6 sialic acid. The type of glycosyla-
tion receptor binding sites is crucial in determining the host
range and transmissibility of the influenza virus. For exam-
ple, avian influenza viruses typically infect birds by binding
to a-2,3 receptors on avian cell surfaces, while human in-
fluenza viruses tend to infect humans by binding to a-2,6 re-
ceptors on human cell surfaces. The replication barriers of
the virus exist at the receptor binding level and cell type lev-
el, where AIV invades a-2,3 ciliated cells, and HIV invades
a-2,6 non-ciliated cells [7]. So, why can avian influenza
viruses occasionally infect humans? According to the avail-
able information, in the human respiratory tract, a-2,6 SA re-
ceptors are mainly expressed in upper respiratory tract ciliat-
ed cells (URT).

In contrast, a-2,3 SA receptors are mainly present in
non-ciliated cells of the lower respiratory tract (LRT) and
type II pneumocytes [31]. Mass spectrometry characteriza-
tion of N- and o-glycan compositions in human lungs,
bronchi, and nasopharynx revealed widespread presence of
a-2,3 and a-2,6 glycans in the lungs and bronchi [1]. This ex-
plains why sporadic cases of the avian influenza virus can re-
plicate and spread in the human respiratory tract [58].

Viral genomic mutations can also lead to changes in re-
ceptor specificity. This is a common occurrence. The HPAI
H7NO virus originated from the LPAI H7N9 virus, and the
substitutions G186V or Q226L (H3 numbering) in the HA
protein are associated with the switch in receptor specificity
from avian-type (a2-3Gal) to human-type (a2-6Gal), poten-
tially facilitating infection in mammalian hosts [31]. The sin-
gle G186V mutation in the HA protein can increase the
virus's affinity for human-type receptors [16]. The HION7
virus originating from the Gull can be transmitted among
minks through direct contact and aerosol transmission, show-
ing stronger binding affinity to saliva-sialic acid with 02,3-
Gal and human-like 02,6Gal compared to H10 AIV of avian
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origin, indicating that the Q226L mutation is the leading
cause of receptor binding specificity change [69, 70]. Al-
though all wild bird AIVs in this study showed potent recep-
tor binding affinity to prototype 02,3-s, 11 strains (32%) of
H3, H6, H8, H9, H11, and H12 HA subtypes showed signifi-
cant binding to a2,6-s, suggesting their potential ability to in-
fect mammals due to the lack of necessary molecular mark-
ers for receptor binding preference [71]. The HA protein of
HI10N3 has receptor binding sites with 226Q and 2288, indi-
cating dual binding specificity for avian-like and human-like
receptors [18]. Like AIV, Equine IV HA strongly prefers
binding to terminal sialic acid a2,3Gal, unlike human in-
fluenza [72].

The study found that if there is low affinity but a high
density of avian-type receptors present, even if human-type
receptors cannot directly bind to avian influenza viruses ef-
fectively, they can still enhance the binding and entry of
avian influenza viruses into cells. In other words, even if hu-
man-type receptors cannot bind directly to avian influenza
viruses, high-density avian-type receptors on the cell surface
can indirectly facilitate avian influenza viruses' binding and
entry process. This suggests that interactions and synergistic
effects between different types of receptors may have impor-
tant implications for the virus binding and infection process
[73].

In addition to the receptor binding specificity mediated
by HA discussed above, a critical factor in viral pathogenici-
ty is the presence of multiple essential amino acids at the
HA cleavage site (MBCSs). HPAIVs typically encode
MBCSs at the HA cleavage site [74, 75], while HAs from
mammalian viruses or LPAIVs usually encode only one es-
sential residue at their cleavage site. Multiple basic residues
allow HA to be cleaved by enzymes expressed in various tis-
sues, whereas a cleavage site with a single essential residue
can only be cleaved by enzymes in the respiratory or intesti-
nal tract. As hemagglutinin cleavage is essential for viral in-
fectivity, multiple primary cleavage sites expand the virus's
tissue range and are closely associated with systemic spread,
transmissibility, and increased virulence in birds and mam-
mals [31, 76].

Understanding the preferences of different influenza
viruses for different glycosylation receptors is crucial in bet-
ter understanding their transmission pathways and potential
risks of interspecies transmission. This has important impli-
cations for monitoring, preventing, and controlling influenza
viruses.

6. MICRORNAS, AS A SPECIES BARRIER, LIMIT
THE JUMPING OF INFLUENZA VIRUS

MicroRNAs (miRNAs) are a class of short, non-coding
RNA molecules typically composed of 20 to 25 nucleotides.
They play crucial roles in regulating gene expression and are
involved in various biological processes such as cell prolifer-
ation, differentiation, apoptosis, and immune responses.

The interaction between miRNAs and influenza viruses
is complex. Upon infecting host cells, influenza viruses can
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disrupt the expression and function of host cell miRNA:s,
thereby altering the host cell's gene expression profile to fa-
cilitate virus replication and infection. Conversely, host cell
miRNAs can also target the influenza virus genome or gene
products, affecting viral replication, transcription, transla-
tion, and assembly processes.

Studies have shown that certain miRNAs can inhibit in-
fluenza virus infection by suppressing host genes involved
in virus replication. For example, in pigs, miRNA sss-
c-miR-221-3p and ssc-miR-222 target the viral genome, in-
hibiting the expression of the anti-apoptotic protein HM-
BOXI1 and inducing cell apoptosis, thereby indirectly sup-
pressing Avian Influenza Virus (AIV) infection and replica-
tion. Additionally, miRNAs can modulate immune re-
sponse-related gene expression, influencing the host's im-
mune reaction to influenza viruses [77]. Furthermore, miR-
NAs like miRNA-323, miRNA-491, and miRNA-654 have
been found to bind to the PB1 gene, inhibiting HIN1 influen-
za A virus replication by degrading viral mRNA and down-
regulating PB1 expression [78]. Similarly, miR-324-5p tar-
gets the PB2 gene of the HSN1 highly pathogenic avian in-
fluenza virus (HPAIV), the negative regulator of the interfer-
on pathway, CUEDC2, to suppress viral replication [79].
miR-584-5p and miR-1249 target the PB2 gene of the virus
and suppress its replication [80]. Another study found that
miR-3145 inhibits influenza virus replication by targeting
and silencing the PB1 gene [81].

On the other hand, microRNA-144 impairs the host cel-
I's ability to control the replication of various viruses, includ-
ing influenza virus, Yersinia pestis, and vesicular stomatitis
virus. It inhibits the expression of TRAF6, which alters the
cell's antiviral transcription landscape regulated by the tran-
scription factor IRF7, resulting in reduced antiviral response
[82]. Furthermore, avoided recognition by host microRNAs
through amino acid substitutions or deletions in viral gene se-
quences can enhance the pathogenicity of the virus. In a
study on low pathogenicity HIN2 adaptation in mice, multi-
ple amino acid substitutions and evasion of host microRNA
recognition led to increased virulence, fatal infection, exces-
sive induction of pro-inflammatory cytokines, and the onset
of a “cytokine storm” (Fig. 3) [83]. Interestingly, the PB2
627(E-K) mutation located on the recognition sites of mmu-
miR-1904. MicroRNAs also exhibit dual functionality. For
instance, miRNA-485 has been found to regulate the antivi-
ral immune response by targeting RIG-1, a cytoplasmic sen-
sor of viral RNA. When the viral abundance is low, miR-
NA-485 binds to the 3'UTR of RIG-1 mRNA, leading to its
degradation and increased viral replication.

Conversely, when the viral abundance is high, miR-
NA-485 binds to the viral PB1 gene, decreasing viral replica-
tion [84]. Targeting the binding sites of miRNAs or using
miRNA inhibitors to silence endogenous miRNAs that pro-
mote virus development could enhance the expression of tar-
get genes, which is beneficial for human health. Promising
progress has been made for tuberculosis [85, 86]. Additional-
ly, virus-encoded miRNAs (vmiRNAs) have been discov-
ered in human and other mammalian host cells during viral
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chicken and human microRNAs expression profiles

Fig. (4). Chicken and human microRNA expression profiles. (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).

infections. VmiRNAs significantly impact viral replication
and disease progression by regulating the expression of both
viral and host cell mRNAs through direct cleavage or transla-
tional suppression via partial complementary base pairing
[85]. However, until now, no influenza-encoded microRNAs
have been identified.

MicroRNAs also regulate gut microbiota composition
and its metabolites, maintaining a stable balance in the gut
microbial community [87]. Targeting gut bacteria with spe-
cific miRNAs has been explored in treating colitis in mice
[88]. MiR-181b-5p transplantation inhibits M1 macrophage
polarization and promotes M2 polarization, reducing inflam-
mation levels during chronic colitis's acute remission phas-
es. MiR-200b-3p interacts with bacteria and regulates the
composition of the microbial community, contributing to in-
testinal barrier integrity and homeostasis [89]. Considering
microbiota could regulate the generation of virus-specific T
cells and antibody responses following respiratory influenza
virus infection [90]. It is possible that microRNA-microbio-
ta interaction could modulate the host immune response to
influenza virus infection.

Gene mutations allow influenza viruses to cross the spe-
cies barrier and infect humans, leading to new outbreaks. mi-
croRNAs play an indispensable role in this process. Al-
though the expression profiles of many species' microRNAs
have been sequenced, many microRNAs are species-specific
despite the conservation of many microRNAs across spe-
cies. For example, chickens express 926 microRNAs while
humans express 2300 microRNAs [91, 92], with only a sub-
set of microRNAs being shared between the two species
(Fig. 4). If species-specifically expressed microRNAs act as
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inter-species barriers, they play a crucial role in determining
the adaptation of avian influenza viruses to new hosts. The
evolution of avian influenza viruses primarily occurs in
chickens, with the viral genome possibly containing hu-
man-specifically expressed microRNA Recognition Ele-
ments (MREs). Due to the presence of these MREs, the
virus cannot effectively infect humans. However, genomic
mutations could eliminate the potential human-specific
MRESs under specific circumstances. This allows the virus to
escape the inhibitory effect of microRNAs expressed explic-
itly in humans, thereby acquiring the capability to infect hu-
mans (Fig. 5).

In conclusion, miRNAs play a crucial role in the interac-
tion between hosts and pathogens in the host's immune re-
sponse to microorganisms. They can potentially be targeted
for therapeutic interventions by silencing detrimental target
genes using miRNA-induced silencing complexes that bind
to specific gene sequences or by inhibiting endogenous miR-
NAs, favoring virus development. Furthermore, miRNAs
regulate the gut microbiota composition and metabolites,
contributing to intestinal homeostasis. Understanding the
mechanisms underlying miRNA-mediated regulation of vi-
ral replication and host immune responses can provide valu-
able insights for developing novel antiviral strategies.

7. INFLUENZA AND HEALTH

It is crucial to recognize that avoiding poultry alone may
not prevent the spread of avian influenza. Research has
shown that dogs and cats possess a-2,3 sialic acid receptors

in their upper and lower respiratory tract epithelium, making
direct transmission of avian influenza subtypes from poultry
to dogs or cats possible. Molecular analysis reveals that
many H3N2 canine isolates exhibit at least two mutations in
the HA protein (Ser159Asn and Trp222Leu), which could fa-
cilitate the transmission of H3N2 influenza viruses from
birds to dogs, enabling both intra- and interspecies transmis-
sion [93], Lectin histochemical analysis indicates that dogs
and cats can be co-infected or sequentially infected with
avian influenza and mammalian influenza viruses, potential-
ly leading to the generation of new viral genome combina-
tions, increasing the likelihood of endemicity and pandemics
[94]. Notably, the spread of HON8 among Antarctic bird pop-
ulations and its interspecies transmission in sub-Antarctic re-
gions underscore the complex dynamics of influenza virus
transmission [95]. Genomic mutations in influenza viruses
have diverse impacts on human health. Firstly, mutations
can confer antiviral resistance, complicating treatment and
control strategies. In 2022, two confirmed cases of human in-
fection with the H3NS8 avian influenza virus in China were
reported, demonstrating a preference for binding to human
receptors and possessing the PB2-E627K amino acid substi-
tution critical for airborne transmission. Even individuals
vaccinated against human H3N2 viruses may lack immunity
to emerging H3N8 avian influenza viruses adapted to mam-
mals, increasing susceptibility to epidemic or pandemic
threats [12]. Secondly, genomic mutations contribute signifi-
cantly to seasonal variations and large-scale influenza out-
breaks. The emergence of new antigenic properties due to vi-
ral mutations reduces population immunity to novel influen-
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za strains, leading to vaccine ineffectiveness or decreased
protective efficacy. Furthermore, genomic mutations in in-
fluenza viruses can enhance their transmissibility, facilitat-
ing wider dissemination within populations and exacerbat-
ing epidemic outbreaks.

8. PREVENTION AND CONTROL

Practical strategies for preventing and controlling the im-
pact of influenza virus genomic mutations on human health
are crucial. Vaccine development and usage play a signifi-
cant role in influenza prevention. One method to generate a
universal influenza vaccine involves DNA shuffling, which
creates recombinant forms of HA proteins by integrating di-
verse epitopes into the HA protein. The resulting chimeric
HA antigen can induce broad immunity against genetically
diverse influenza viruses circulating in pigs and humans
[96]. PIV-5, an effective vaccine vector with constructs like
PIV5-113, can protect mice and pigs from viral attacks ex-
pressing parental HAs. Expanding protective immunity
against diverse gene-expressed H1 influenza viruses further
enhances this approach [97]. The specificity of porcine mon-
oclonal antibodies towards HIN1pdm09 HA closely resem-
bles that of known human monoclonal antibodies targeting
the same. These antibodies recognize two significant sites,
Sa (residues 160 and 163) and Ca (residue 130), providing a
good model for monoclonal therapy in humans [98, 99]. A
respiratory organoid culture system derived from bat species
has been developed, offering a promising tool to analyze vi-
ral infectivity and transmission dynamics between bats and
other species, aiding in understanding cross-species virus
spread [100, 101]. However, due to genetic mutations in the
influenza virus, the efficacy of vaccines may be limited.
Therefore, regular updates to vaccine strains are crucial for
enhancing vaccine protection. Additionally, close monitor-
ing of genomic variations and transmission patterns of in-
fluenza viruses, along with timely isolation and treatment
measures, are vital for controlling the spread of the disease.
Although avian-origin H7Nx LPAIVs lack a critical mam-
malian-adaptive substitution like PB2 E627K, the similarity
in mortality and morbidity rates between H7N6 and H7N9
viruses in BALB/c mice suggests potential inter-species
transmission. These findings underscore the need to intensi-
fy efforts to monitor the epidemiology, evolution, and risks
of the zoonotic spread of avian-origin H7Nx viruses [102,
103]. Recognizing that poultry contributes to the gradual but
steady expansion of highly pathogenic avian influenza
[104], while wild birds such as geese, swans, gulls, and
ducks facilitate rapid but sporadic dissemination through
distinct pathways, is crucial for global surveillance and epi-
demic prediction [105, 106].

CONCLUSION

Genomic mutations in influenza viruses are significant
factors leading to interspecies transmission and affecting hu-
man health [107]. A comprehensive understanding and
study of the types and mechanisms of genomic mutations in
influenza viruses can effectively guide preventive and con-
trol measures against influenza. Future research should fo-
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cus on monitoring genomic mutations, vaccine develop-
ment, and optimization of control strategies to enhance hu-
man resistance to influenza and reduce disease transmission.
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