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ABSTRACT

Influenza A viruses (IAVs) pose a serious risk to both human and animal health. IAVs' receptor
binding characteristics account for a major portion of their host range and tissue tropism. While
the function of neuraminidase (NA) in promoting the release of progeny virus is well-known, its
role in the virus entry process remains poorly understood. Studies have suggested that certain
subtypes of NA can act as receptor-binding proteins, either alone or in conjunction with hae-
magglutinin (HA). An important distinction is that NA from the avian influenza virus have a second
sialic acid-binding site (2SBS) that is preserved in avian strains but missing in human or swine
strains. Those observations suggest that the 2SBS may play a key role in the adaptation of the
avian influenza virus to mammalian hosts. In this review, we provide an update of the recent
research advances in the receptor-binding role of NA and highlight its underestimated impor-
tance during the early stages of the IAV life cycle. By doing so, we aim to provide new insights
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into the mechanisms underlying IAV host adaptation and pathogenesis.

Introduction

Effective transmission of influenza A viruses (IAVs)
between hosts requires a delicate functional balance
between haemagglutinin (HA) and neuraminidase
(NA). HA is widely recognized that the receptor-
binding protein HA initiates viral infection by interact-
ing with sialic acid (SA) receptors on the surface of the
host cell, whereas the receptor-cleaving protein NA
facilitates the release of progeny virus from infected
cells by cleaving SAs from cellular receptors [1].
However, recent studies have provided increasing evi-
dence that NA can also bind directly to receptors and
play a crucial role in the early stages of viral infection.
At first, it was found that H3N2 IAV, responsible for
a pandemic in humans, could grow effectively in Vero
cells, but not in chicken embryos. The progenitor virus
produced in Vero cells was found to agglutinate human
red blood cells (RBCs), but not chicken RBCs [2].
Furthermore, post-infection ferret antiserum displayed
poor haemagglutination inhibition activity against
human H3N2 viruses isolated from MDCK cells [3].
In a series of studies aiming to investigate these phe-
nomena, it was observed that the HA receptor binding
ability of H3N2 human influenza virus was reduced [4],

and its receptor-binding function was compensated by
NA [3]. It's worth noting that some H3N2 IAV cul-
tured in MDCK cells only rely on NA protein to agglu-
tinate RBCs [5]. Meanwhile, studies have highlighted
that the N1, N2, and N9 subtypes of NA from avian
influenza viruses contain a second sialic acid-binding
site (2SBS). This 2SBS is located near the enzyme clea-
vage function site and can bind to SA receptors [6],
thus affecting the functional balance between HA and
NA [7]. These results have revealed fresh understand-
ings of the function of NA and shed light on the
functional equilibrium between HA and NA [8].

IAVs and SA receptors

[AVs are enveloped viruses with an 8-segment nega-
tive-sense, single-stranded RNA genome that are mem-
bers of the Orthomyxoviridae family [9]. Seasonal flu
caused by these viruses is responsible for a significant
number of respiratory deaths globally each year, with
estimated fatalities ranging from 290,000 to 650,000
[10]. IAVs can generate both pandemic and seasonal
epidemics and can infect a variety of hosts. Moreover,
a devastating pandemic can result from the cross-
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species transmission of animal IAVs to humans.
A “host jump” of the HINI avian influenza virus, for
instance, is thought to have been the cause of the 1918
pandemic, the worst in recent history, which is esti-
mated to have killed 40 million people worldwide
[11,12].

Structurally, IAVs are typically spherical, filamen-
tous, or elliptical in shape, and their nucleocapsids,
housing their RNA genomes, are coated with a lipid
bilayer membrane [13]. The virus membrane is coated
with two types of glycoproteins, HA and NA, which
have distinct morphologies and functions. IAVs can be
classified into different subtypes based on the antigeni-
city of their HA and NA proteins. Presently, researchers
have identified 18 HA subtypes and 11 NA subtypes. In
contrast to the H17N10 and H18N11 subtypes of IAV,
which were discovered in bats [14], the H1-H16 sub-
types of IAV are commonly found in ducks [15].

One of the main factors limiting the transmission of
IAV between species is the receptor-binding property.
Glycoproteins and glycolipids containing SA serve as
receptors for IAV. The SA receptors are made up of the
terminal SA residues, mannose, galactose, and
N-acetylglucosamine [16]. The glycosidic linkage
between SA residues and downstream glycans plays
a significant role in virus tropism. Generally, avian
influenza viruses show a strong preference for SAa-
2,3 Gal, while human influenza viruses prefer to bind
SA attached to galactose through an a-2,6 linkage [17].
IAVs need the receptor-binding site (RBS) on the head
of their HA to recognize and attach to SA receptors,
and changes to the RBS can change how specifically an
IAV binds to a particular receptor. For example, the
2013 human H7N9 IAV acquired the Q226L and
T160A mutations at the RBS, allowing it to bind to
both SA-2,3 Gal and SA-2,6 Gal receptors [18].

Influenza a virus and NA

The NA is represented by mushroom-shaped spikes
on the virion surface and is encoded by the sixth
segment of the IAV genome [19]. NA is a homo-
tetramer protein with a molecular weight of 240 kDa,
accounting for approximately 10-20% of the total
glycoprotein on the virion surface (Figure la). Each
polypeptide monomer has about 470 amino acid resi-
dues and consists of a globular head domain,
a transmembrane region, and a highly conserved
C-terminal cytoplasmic tail [20,21] (Figure 1b).
Depletion or substitution of amino acid sequences
(MNPNOK) of the NA cytoplasmic tails does not
affect the enzyme activity; however, it is related to
the assembly and budding of the virus [22]. The

transmembrane region of NA is an N-terminal hydro-
phobic transmembrane structure that connects NA to
the virus envelope [23]. The head domain of NA
contains enzyme activity sites and antigenic epitopes
[24]. NA catalyzes the hydrolysis of glucoside bonds
between the distal SA residues and the adjacent gly-
coproteins. The deletion of amino acid sites in the
stalk of NA affects the enzyme activity and
a shortened stalk may cause the head region to be
unable to effectively act on the substrate [25]. The
absence of glycosylation sites in the stalk region of
NA was found to enhance the virulence of IAV in
mice [26]. According to a recent study, NA activity
fluctuates within a specific bandwidth rather than
evolving to a single optimal value [27]. The highly
conserved NA enzyme active site makes an excellent
target for the creation of brand-new anti-influenza
medications.

Function of NA protein

It is widely accepted that NA, by acting as
a counterbalance to HA, plays a critical role in the
lifecycle of IAVs. Firstly, NA removes SA from
respiratory mucin cilia and cellular glycoprotein
envelopes, thereby facilitating the virus’s migration
through respiratory mucus [28]. Secondly, NA cata-
lyzes the cleavage of terminal SAs from virus recep-
tors, which promotes virus fusion with the host cell
membrane [29]. Thirdly, during the final viral bud-
ding process, NA removes SA receptors on the cell
surface to aid in the release of progeny virus, which
can then infect neighbouring cells [30]. Although the
corresponding HA of human IAVs has a strong pre-
ference for SAa-2,6 Gal, NA from both avian and
human IAVs hydrolyse SAa-2,3 Gal more efficiently.
However, the difference in NA enzyme activity
between a-2,3 and a-2,6 linkages is relatively smaller
in human IAVs than in avian IAVs [31]. In addition
to its ability to catalyse the hydrolysis of SA recep-
tors, some subtypes of NA proteins (N1, N2, and N9)
from avian IAVs have also been found to possess
haemagglutination activity, which is related to
the second sialic acid-binding site (2SBS) of the NA
proteins [32].

Recent research suggests that NA is engaged in the
early phases of the IAVs lifecycle in addition to its
enzymatic activities by encouraging virus entrance.
Ohuchi et al. discovered that NA inhibitors greatly
reduced IAV susceptibility to MDCK cells, showing
that NA is important in increasing virus entry and
enhancing infection efficiency [33]. This was further
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Figure 1. (a) the structure of the NA protein tetrad displaying the head region is depicted. Each monomer is shown to have an SA
residue attached to its head, which serves as the site of enzyme activity. (b) the four polypeptide monomers of NA fold and assemble
into a tetrameric structure encompassing a spherical head region, a stem, a transmembrane region, and a cytoplasmic tail. The head
region of the depicted NA was derived from the Protein Data Bank (PDB:4GZW), and the corresponding protein model was
generated using Pymol software. (c) the relative positions of the enzyme active site (highlighted in yellow) and the second receptor
binding site (highlighted in blue and red: 366-373, 399-404, 430-433) at the head region of each NA monomer are shown, with the
red area (364, 367, 369, 400, 403, 432) denoting the contact site of the second receptor binding site of NA. The location of the
D151G mutation is illustrated in green. Each monomer binds to an a-2,3 sialic acid (SA). The NA structure displayed in the figure was
obtained from the Protein Data Bank (PDB:4GZW), and the protein model was generated using Pymol software.

substantiated by a recent study showing that NA pro-
tein can increase the effectiveness of viral infection by
encouraging recurrent endocytosis, virus release on the
cell surface, and virus motility [34]. Similar to these
observations, other research has demonstrated that NA
encourages virus rolling on the cell surface, improving
the effectiveness of virus attaching to host cells during
the early stages of infection [35]. However, the virus
motility idea is still not widely recognized, and it is still
unknown what molecular process underlies the HA-NA
balance in IAV movement patterns.

NA and the second sialic acid-binding site
(2SBS)

Laver et al. first discovered in 1984 that N9 from avian
influenza viruses could haemagglutinate animal RBCs,
whereas neither HA nor NA antibodies alone could
inhibit viral haemagglutination to animal RBCs [36].

Webster et al. proposed that the haemagglutination
activity of N9 was associated with the presence of
2SBS near the enzyme activity site of NA (Figure 1c)
[32]. They further demonstrated that mutations in the
loops of 368-370 and 399-403 of N9 2SBS resulted in
a loss of haemagglutination activity [32]. Meanwhile,
the N2 A/Tokyo/3/67 haemagglutinin was shown to be
able to haemagglutinate when the amino acids in its
loops of 368-370 and 399-403 were switched out for
those of the N9 haemagglutinin [37]. These studies
clearly suggested that N9 had 2SBS, and that the loops
of 368-370 and 399-403 in the NA contained key
residues that interacted with the SA. However, the
molecular mechanism of the 2SBS-SA interaction
remains largely unknown. In 1995, Air et al. reported
that the binding of 2SBS of NA to Neu5Ac was not
sensitive to the enzyme activity of N9 NA, but could
only be cut by bacterial sialidases [38]. However, the
structural evidence of 2SBS and the binding basis of
2SBS to SA were not revealed until 1997. Varghese et al.
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constructed the X-ray crystal structure of N9 from an
avian influenza virus and demonstrated the existence of
28BS capable of binding SA near the enzyme-active site
in the head region of the N9 [39]. The enzyme active
site was found to connect with SA in a boat conforma-
tion, whereas the 2SBS interacted with SA through
a chair conformation, according to prior structural
investigations of NA-SA interactions [39]. Most
recently, Stefano Elli et al. investigated the atomic
interactions between the 2SBS of avian-origin NAs
and SA using molecular dynamics simulations. Their
findings indicated that BM18 binds both human and
avian ligands with comparable efficiency [40].

Hemadsorption activity varies between NA
subtypes

In 1995, Hausmann et al. demonstrated that N1 from
A/FPV/Rostock/34 (H7N1) expressed in Sf9 cells
exhibited haemagglutination activity towards chicken
red blood cells [41]. Interestingly, the haemagglutina-
tion activity of N1 was not affected by the NA enzyme
activity inhibitor, indicating that N1 has distinct 2SBS
compared to N2 [41]. The haemadsorption capacity of
NA, however, differs between subtypes. For instance,
N1 binds to RBCs at both 4°C and 37°C, whereas N9
agglutinates chicken or human RBCs at 4°C but not at
37°C [36,41]. It is worth noting that the NAs from
avian isolates had much higher hemadsorption activity
than those from swine and human isolates [42].

Function of 2SBS in IAV lifecycle

Due to the underestimating of NA’s significance in the
early stages of the IAV life cycle, the function of 2SBS
of NA has been poorly known for a very long time. The
binding of 2SBS of NA to fetuin, however, contributes
to the activity of the NA enzyme, whereas the binding
of monovalent substrates has no influence on the NA
enzyme activity, according to a recent study by Du et al.
[43]. Interestingly, mutations at non-SA contact resi-
dues 368 or 369 in loop 370 had an even greater impact
than mutations at residue 372, which directly contacts
SA [43]. Moreover, Elli et al revealed that the substitu-
tion of S369 influences the binding of 6’SLN-LC but
not 3’SLN-LC, indicating that the substitution at this
location may dictate the binding specificity of 2SBS for
the linkage type of Neu5Ac-Gal [40]. Recent research
has demonstrated that the HIN1 pandemic strain’s
2SBS mutations improve the ability of NA proteins to
bind to polyvalent substrates, with variable impacts on
NA binding to 2,3 or 2,6 SA [43]. In addition,
a Brownian dynamics (BD) simulation study discovered

that the 2SBS’s electrostatic interaction with the avian
influenza virus’s active site of NA plays a critical role in
both the recognition of NA and SA receptors as well as
the enzyme digesting function of NA [44]. The HA-NA
receptor balance necessary for effective viral replication
depends on both the receptor-binding and receptor-
destroying abilities of NA and its 2SBS [45].

2SBS promote the interspecies transmission of
H7N9 avian influenza virus

Dai et al. discovered that the receptor-binding property
of NA from human H7N9 remained unaltered when
using monovalent substrates, compared to the prior
avian H7N9 that only infected birds. However, when
the multivalent fetoprotein substrates were used for
analysis, the binding of human H7N9 NA to the sub-
strates was decreased due to a T401A mutation in the
non-contact binding site of 2SBS [46]. The Spanish
strain N9 T401A has been observed to reduce both its
NA and multivalent substrate-binding ability and NA
enzyme activity, while the Anhui strain N9 A401T
increased these same characteristics [46]. It is essential
to consider the consistent changes in the NA enzyme
activity and binding ability to polyvalent substrates.
Benton et al. compared the binding of the two SA
receptors to the H7N9 subtype IAV with or without
28BS in the presence or absence of NA enzyme inhibi-
tors [6]. It was found that, with or without 2SBS, NA
had a much weaker ability to bind to a-2,3 SA receptors
in the absence of NA enzyme inhibitors than in the
presence of them. This may be attributed to the strong
cleavage capacity of N9 NA to a-2,3 SA receptors. For
a-2,6 SA receptor, however, NA with 2SBS showed
a stronger binding ability to a-2,6 SA receptor in
a very short time when the NA enzyme inhibitor was
not present. Their results demonstrated that NA bind-
ing to a-2,6 SA in H7N9 IAV exhibited a short-term
enhancement only when both the NA alpha and the
enzyme active site were present [6]. This short-term
enhancement helps the virus remain in the upper
respiratory tract, which is abundant in a-2,6 SA recep-
tors, for longer, thus increasing the possibility of it
infecting humans. However, the NA enzyme activity
centre of H7N9 IAV has a strong capacity to cleave
avian a-2,3 SA receptors and a weak capacity to cleave
human a-2,6 SA receptors [6]. The release of progeny
virions from the respiratory tract of humans is blocked,
which prevents the spread of avian influenza viruses.
This is related to the balance between HA and NA
receptors. Additionally, Benton et al. found that
the second-binding site (2SBS) of H7N9 NA receptor
in the enzyme activity centre can promote the cleavage



of a-2,6 SA receptor to some extent, thereby inhibiting
the infection of the virus. Consequently, virus prolifera-
tion in the upper respiratory tract of humans is blocked
after the release of the newborn virus particles, thus
preventing the spread of avian influenza virus in
humans. This is still related to the balance between
HA and NA receptors. Moreover, Benton et al. also
demonstrated that the 2SBS of H7N9 NA receptor
could promote the cleavage of a-2,6 SA receptor in
the enzyme activity centre to a certain degree [6].
Once the HA and NA of avian influenza H7N9 reach
a balance in their binding and cleavage of human a-2,6
SA receptors, it may help the virus adapt to humans.
Recently, it was found that 2SBS and other potential
low-affinity binding sites could increase the variety of
heterogeneous multivalent interaction networks, which
might then impact the effectiveness of NA binding and
cleavage, affecting the virus’s mobility and release [47].
Liu et al. demonstrated that hetero-multivalent binding
significantly increased the efficiency of virus entry.
These findings contradict the long-held notion that
the avian a-2,3 SA receptor has little to no effect on
human TAV infection, which requires a-2,6 SA bind-
ing [47].

2SBS and interspecies transmission of IAV

Mikhail N and his team found that the 2SBS locus is
preserved in viruses that have a high affinity for the a-
2,3 receptor. However, avian viruses that mainly bind
to the a-2,6 receptor (such as human, swine, and avian
HON2 viruses) have mutations in critical positions of
this locus [48]. Further investigations have shown that
the conservation of 2SBS is only absent in HIN2 sub-
type viruses for N2 avian viruses [7]. These results
suggest that the functional impairment of 2SBS may
be a crucial adaptation to maintain the HA-NA equili-
brium for a pandemic virus.

In contrast to the human H3N2 virus, the sequences
of the N2 virus’s 2SBS from birds and mammals were
found to be conserved by Varghese et al. [39]. Kobasa
et al. detected most of the NA subtypes in poultry,
swine, horses, and human IAV, and they observed
that the haemagglutination activity of human N1 and
N2 NA was significantly lower than that of avian N1
and N2 NA [42]. Furthermore, the residues of N1 and
N2 that interact with SA receptors at the 2SBS were
highly conserved in avian influenza viruses but less
conserved in human influenza viruses (Figure 2) [42].
Uhlendorff et al. demonstrated that the haemagglutinin
activity of the H2N2 human pandemic strain could be
restored by introducing a point mutation (N367S) to
the 2SBS [49]. These results imply that avian IAV
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Figure 2. The sequence of the three loops (residues 366 to
373), 400 loop (residues 399 to 404), and 430 loop (residues
430 to 433) that form the second receptor binding site of the
N1, N2, and N9 in humans and birds. This Seqlogo was gener-
ated by the WeblLogo program (http://weblogo.berkeley.edu/
logo.cgi) using strains retrieved from the GenBank database.

adaptation to humans may not be supported by the
preserved 2SBS of N2 NA. Consequently, further
research is required to fully understand the mechanism
by which the NA 2SBS contributes to the avian influ-
enza virus' ability to cross the host barrier.

NA as a receptor binding protein

Hooper et al. artificially created HA-receptor-binding
defective mutants in the laboratory, and their results
showed that the G147R NA protein could compensate
for the deficiency of HA receptor in the alternative HA-
combining-ability-deficient type of mutant viruses as
the receptor protein, yet still requiring HA-mediated
virus-cell membrane fusion [50]. Furthermore, genetic
sequencing of human (HINI1) and avian (H5N1) IAVs
has revealed that similar mutations occur naturally
[50]. Interestingly, G147R is situated above the NA
enzyme active site, rather than directly at the 2SBS or
NA enzyme active site [50]. Consequently, Hooper
et al. speculated that this mutation would not affect
the enzyme activity of NA. They coupled human
HIN1 IAV and avian H5N1 IAV NA mutant G147R
in the lab and discovered that the pathogenicity in mice
remained unaffected, as well as the NA protein activity
of the monovalent substrate MUNANA [51]. Ting-
Hsuan Chen et al. recently discovered that the 2SBS
370 ring mutation-induced increase or reduction in NA
enzyme activity may be related to the rise or decrease in
HA titre [52]. This implies that the influenza virus’s NA
enzyme activity impacts the HA-NA balance, and
changes to the ratio of HA to NA on the surface of
the virus particle or the ratio of HA to NA receptors
may impair the virus’s capacity to adapt to a new host.
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The role of NA in receptor binding of recent
human H3N2 virus

The subtype H3N2 of IAVs is one of the major IAV
subtypes (HIN1, H3N2) that cause seasonal influenza
epidemics in humans. Mutations near the Receptor
Binding Site (RBS) on the HA head have been observed
to drive the evolution of recent H3N2 IAVs, leading to
a lower protection efficiency of the seasonal influenza
than that of the HINI subtype [53].
Furthermore, it is not uncommon for recent human
H3N2 isolates to have decreased binding affinity to
both. This is brought on by adaptive changes in the
HA RBS, which also cause human H3N?2 isolates to
develop slowly in chicken embryos [54]. There is
mounting evidence that human-adapted N2 can sup-
plement or even take the place of HA in the function of
receptor-binding proteins.

In 1998, Grassauer et al. discovered that human IAV
A/Vienna/47/96 and A/Vienna/81/96 of the H3N2 sub-
type, which were isolated from the Vienna pandemic,
grew efficiently in Vero cells, but not in chicken
embryos, and the progenies from Vero cells were
unable to agglutinate chicken erythrocytes [2]. This
loss of haemagglutination activity indicated
a decreased virus binding to SA receptors for H3N2
human IAV. Since then, a series of studies have been
conducted to investigate the molecular mechanisms
behind the changes in the binding properties of H3N2
IAVs. Lu et al. found that the HA gene G186V or
A196T mutation of human H3N2 A/Singapore/21/04,
which could not proliferate in chicken embryos, could
enhance the replication ability of the virus in chicken
embryos [55]. Nobusawa et al. generated an A/Aichi/
51/92 (H3N2) HA E190D mutant virus through site-
directed mutagenesis and determined that the E190D
mutation was the cause of the loss of H3’s binding
ability to CRBC [56]. By passing H3N2 virus without
its haemagglutinin activity into MDCK cells and
screening out the phenotypic reversing strain, it was
found that V226l of H3 increased the affinity between
HA and a-2,3 SA receptors, while S193R and L1941
mutations enhanced the affinity between HA and a-
2,6 SA receptor [4]. These findings suggest that these
H3 mutations lead to decreased binding of IAV to a-2,3
and a-2,6 SA receptors, indicating that NA may have
been gradually assuming the role of receptor-binding
proteins at this time.

Gulati et al. conducted a study to analyse the recep-
tor-binding characteristics of H3N2 human influenza
viruses from 1968 to 2012 and found that each year the
viruses exhibited different receptor-binding character-
istics [57]. For example, the 2006, 2010, and 2012

vaccines

pandemic influenza viruses employed NA to bind to
a-2,3 SA receptors [57]. These changes in receptor-
binding properties did not adversely affect the patho-
genicity or transmissibility of the virus in mammals.
Mohr et al. studied H3N2 human influenza viruses
isolated since 1994 and cultured in canine embryonic
kidney cells (MDCK) and found that they relied solely
on NA proteins to agglutinate RBCs [5]. Mogling et al.
investigated the changes in haemagglutination activity
of H3N2 human influenza virus from 2000 to 2016 and
discovered that the virus gradually lost its ability to
agglutinate Turkey RBCs in the presence of oseltamivir
inhibitors after 2003, and by 2012, almost all H3N2
viruses examined had lost their haemagglutination
activity in the presence of Oseltamivir [58]. This indi-
cates that since 2003, the haemagglutination function of
human H3N2 TAV has been increasingly mediated by
NA rather than HA.

Mogling et al. discovered that the NA H150R located
near the neuraminidase catalytic site was responsible
for the increased haemagglutinating activity of NA,
making haemagglutination inhibition assays useless
for the selection of vaccine strains [58]. Lin et al.
found that the haemagglutination activity of H3N2
human influenza virus isolated from 2005 to 2009
could not be inhibited by HA antibody. This was
because mutations, such as NA D151G, caused NA to
become a receptor binding protein, which could not be
cleaved by NA itself, but only lysed by certain bacterial
sialases [3]. The haemagglutination activity of N2 can
be inhibited by NA inhibitors, such as Oseltamivir, but
not neutralized by anti-HA antibodies [3]. Zhu et al.
compared the catalytic activity of the wild-type H3N2
human influenza virus NA with its D151G mutant
using sugar microchips and other techniques, and
found that the enzyme activity of the D151G mutant
was significantly decreased, and the affinity of the
D151G mutant with a-2,3 and a-2,6 SA receptors was
stronger than that of the wild-type H3N2 IAV [59].
They introduced D151G mutations into three HIN1
IAV strains (two human influenza strains and one
swine influenza virus) and one human H3N2 IAV,
and observed significant reductions in NA enzyme
activity in all four strains [59]. Interestingly, H150R
and D151G mutations are located in the 150 loop of
NA, at the edge of the active site of the enzyme, rather
than at the 2SBS of NA [3], suggesting that mutations
in the 2SBS are not the only ones that can alter the NA
receptor binding characteristics.

However, a study by Xue and others has demon-
strated that direct sequencing of H3N2 influenza
viruses from clinical samples has not revealed the
D151G mutation, which is mainly due to the low-level



mutation caused by the passage of clinical samples in
MDCK cells [60]. Brown and colleagues conducted an
analysis of 151 North American variations of clinical A/
H3N2 samples using NGS. Their findings confirmed
the notion that these variations form independently
during cell culture proliferation [61]. The study also
discovered that passage in HAE cells might abolish
the NA-mediated binding of A/H3N2 isolates, which
was seen as an artefact of MDCK/MDCKk-SIAT1 cell
passage [61]. The distribution of MDCK cells may be
distinct from that of the human respiratory tract recep-
tors, but the precise reasons remain to be explored.
These findings also imply that the separation and cul-
ture of MDCK cells or chicken embryos may lead to
genetic information bias, highlighting the significance
of direct sequencing from clinical specimens.

Mutations in functional regions of NA receptors
and cross-species transmission

Cross-host infection with the avian influenza subtypes
H7N9, H9N2, H10N8, H5N6, and others occasionally
happens and constitutes a severe threat to public health
[62-64]; fortunately, however, these viruses do not yet
possess an effective human-to-human transmission
capability. If they were to succeed in breaching the
host barrier, they would undoubtedly cause even
greater harm to public health. Adaptation of IAV to
new hosts necessitates the adjustment of NA and HA
functional balance in order to replicate effectively in the
new host. DE Vries et al. proposed that the potential
impact of NA on the motion of IAV particles associated
with receptors has been previously undervalued [65].
NA may prevent the virus from being caught by the
bait receptor when it passes through the mucosal layer
of the respiratory system, according to some theories.
Contrarily, it is believed that NA maintains a functional
equilibrium with HA and is essential for the virus’s
ability to connect to the host receptor. Mutations in
NA receptor functional regions can lead to NA repla-
cing HA as a receptor binding protein and may affect
the virus’s affinity to different receptors. Recently, Du
et al. discovered that the H5N1 avian influenza virus
NA 28BS, K432E mutation may interfere with the func-
tion of the HA and NA balance and influence viral
replication in order to adapt to a new host and replicate
efficiently [66]. In a recent study by Meiling Dai and
colleagues [27], it was observed that replacement of
K432E in 2SBS (A/North Carolina/07/2013, NC/13
NA) resulted in very low NA activity, particularly for
multivalent substrates. According to this, NA activity
against human viruses may be improved by low-affinity
binding at this location. Moreover, it has been
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demonstrated that the compensatory mutation S223N
in the HA gene increases the affinity for human recep-
tors, facilitating the transmission of avian IAV among
other species [66]. The 2SBS mutation, which increased
binding to the human -2,6 SA receptor and decreased
binding to the avian —2,3 SA receptor, was found to
have occurred in HIN2 avian IAV before the HA
mutation, according to phylogenetic analysis [66].
These results suggest that the HON2 avian influenza
virus’s host tropism may be significantly altered by
NA mutations. Se-Hee An et al. discovered that the
mutation of NA 2SBS preceded the HA Q226L muta-
tion, implying that HON2 AIV may initially reduce the
affinity of the avian receptor to NA, leading to
decreased enzymatic activity and thereby driving the
HA mutation to boost the affinity to the human recep-
tor [67]. Through a genetic evolutionary analysis, Dai
et al. discovered that the NA T401A mutation of H7N9
occurred prior to the adaptive mutations of the HA
gene Q226L and T160A in mammals, leading them to
conclude that the mutation of 2SBS may have pro-
moted a change in the HA receptor binding character-
istics, thereby facilitating the cross-species transmission
of the H7N9 virus [46].

Using glycan microarray experiments, it was found
that NA binding to human-type-like receptors, primar-
ily due to the S430G mutation located near the 2SBS,
may be independent of the sialidase pocket [68].
Additionally, NA mutations in human-like H5N1
strains (A46D, L204M, S319F, and S$430G) were found
to reduce the activity and expression level of NA, while
enhancing the binding affinity of HA to the human-
type receptor through a synergistic effect. These find-
ings imply that the avian influenza virus’s mutation of
the HA receptor binding site enhances the virus’s bind-
ing affinity to the human -2,6 SA receptor while
decreasing the virus’s binding affinity to the avian
-2,3 SA receptor, increasing the virus’s transmission
to humans. Importantly, the mutation in the NA recep-
tor functional region may drive the HA mutation, high-
lighting the essential role of NA receptor functional
region mutations in promoting the “host jump” of
avian influenza virus. It is important to note that
these results are distinct from any previously published
research by the author. A summary of the molecular
markers associated with receptor-binding properties of
NA was shown in Table 1.

Concluding remarks

Concerns regarding the potential of a pandemic have
been raised by cases of human infection with avian
influenza viruses, including the H5NI1, H5N6/NS,
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Table 1. Molecular markers associated with receptor-binding properties of NA.

Mutant Subtypes Function Host Refs
2SBS N367S H2N2/N2 A single reversion to the avian-virus-like sequence (N367S) restores Hemadsorption Human [49]
N400S H2N2/N2  Affect the hemadsorption activity Human [49]
WA403R
T401A H7N9/N9  Substrate binding via this site enhances NA catalytic activity Human [46]
S366N HIN1/N1  Increase viral NA enzyme activity Human [52]
S366D
K432E 0-2,6 SA, Enhance NA catalytic activity for a human virus Human [27]
N369H H5N1/N1  Affect the cleavage of fetuin-linked glycans Avian [43]
TN368/369DS  H1N1/N1 Human
K432E
S372N HIN1/N1  S372N has the major effect on the 6'SLN-LC-2SBS binding Human [40]
5430G H5N1/N1  a-2,6 SA, NA S430G mutation plays a role in the affinity to human-type receptors ~ Human [68]
NA D151G H3N2/N2  0-2,6 SA, Receptor binding properties MDCK cell passage/ [3,60,61]
Human
T148I Human [5,61]
E119V Human [5]
H150R H3N2/N2  a-2,6 SA, NA-mediated agglutination of turkey RBCs Human [58,61]
G147R H3N2/N2  Receptor binding properties Avian [50,51]
HIN1/N1 Human
H5N1/N1

H7N9, H3N8, HI10NS8, and HI9N2 subtypes. The
effect of the HA protein on the capacity of viruses
to switch host species has been thoroughly investi-
gated by scientists. Recent studies have shown that
mutations in the 2SBS region may alter the receptor-
binding properties of the NA protein, affecting the
avian influenza virus’s ability to adapt to the host.
Similarly, mutations in the NA protein of human
influenza virus subtypes HINI, H2N2, and H3N2
also affect receptor-binding characteristics. These
findings provide a new perspective on preventing
and treating influenza. Changes in the HA-NA bal-
ance with respect to host receptors can result from
mutations in the 2SBS region, which can then alter
the receptor-binding properties of related HA pro-
teins. The biological importance of the NA 2SBS
region, the molecular mechanism of NA binding to
SA receptors, and the mechanism of NA 2SBS reg-
ulating the complex and dynamic balance between
HA, NA, and SA receptors remain largely unknowns
despite the fact that these mutations have been
occurring frequently and going unnoticed for
a while. Further exploration by scholars is necessary
to understand the cross-host transmission, pathogen-
esis, and prevention of the NA receptor binding
property of influenza virus.
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