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The continuous emergence and reemergence of diverse subtypes of influenza A viruses,
which are known as “HxNy” and are mediated through the reassortment of viral genomes,
account for seasonal epidemics, occasional pandemics, and zoonotic outbreaks. We sum-
marize and discuss the characteristics of historic human pandemic HxNy viruses and diverse
subtypes of HxNy among wild birds, mammals, and live poultry markets. In addition, we
summarize the key molecular features of emerging infectious HxNy influenza viruses from
the perspectives of the receptor binding of Hx, the inhibitor-binding specificities and drug-
resistance features of Ny, and the matching of the gene segments. Our work enhances our
understanding of the potential threats of novel reassortant influenza viruses to public health
and provides recommendations for effective prevention, control, and research of this

pathogen.

he Orthomyxoviridae family includes seven
Tgenera, which are all segmented negative-
strand RNA viruses (Perez 2011): Four of these
are different types of influenza viruses, Influen-
za A, B, C, and D viruses, and the other three
are Thogotovirus, Quaranjavirus, and Isavirus.
As a highly infectious pathogen in this family,
influenza A viruses (IAVs) are a significant
threat to global public health. The genomic
evolution has enabled IAVs to reinvent them-
selves continuously, and it accounts for
seasonal epidemics/endemics, occasional pan-

demics, and zoonotic outbreaks. The evolution
of TAVs is primarily mediated through the ge-
nome mutation and/or the reassortment of
viral genome segments derived from various
strains when they coinfect the same host.
Together with the bat-derived influenza-like
viruses, IAVs of subtype HxNy are classified
depending on the 18 hemaglutinin (HA) sero-
types or subtypes on the viral surface, which are
input as variable x, and the 11 subtypes of neur-
aminidase (NA) on the viral surface, as variable
y (Wu et al. 2014).
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Until now, influenza viruses that caused hu-
man pandemics have been the result of genetic
reassortment between avian, human, and swine
influenza viruses (Guan et al. 2010; Liu et al.
2018). Although IAVs have a wide range of
host species, wild aquatic bird populations
have long been considered the natural reservoir
for all the identified HxNy viruses (except
bat-derived H17N10 and H18N11), and they
have been known to transfer viruses to other
avian and mammalian hosts, including humans
(Webster et al. 1992). In addition, considering
the recently identified bat influenza-like viruses,
other reservoir species may also exist (Wu et al.
2014). Furthermore, for epidemic/pandemic
human influenza strains, swines have been pos-
tulated to be the “mixing vessels” for new HxNy
viruses because of the presence of both o-2,3
and a-2,6 sialic acids (SAs) in their respiratory
tracts (Ma et al. 2008). Recently, with the emer-
gence of diverse avian influenza viruses (AIVs)
in poultry, live poultry markets (LPMs) have
also been considered “mixing vessels” for new
HxNy viruses (Gao 2014).

For a specific HxNy subtype influenza virus,
the characteristics of receptor binding of Hx and
the enzymatic activity of Ny, including its inhib-
itor binding specificity or drug resistance fea-
ture, could be two of the key determinants for
the transmission of a new virus in the target
host. In addition, the mechanism for matching
the HA segment, NA segment, and internal gene
segments is crucial for determining whether an
HxNy virus will emerge and successfully spread
among humans.

We summarize the known emerging HxNy
viruses in humans during influenza pandemics
and diverse subtypes of HxNy among wild
birds, mammals, and LPMs. Furthermore, we
summarize the molecular basis for the charac-
teristics of the receptor binding of Hx and the
inhibitor binding specificity and drug resis-
tance features of Ny. Moreover, we also review
knowledge on the mechanism for the matching
of the HA segment, NA segment, and internal
gene segments. The summarization increases
our understanding of the potential threats of
novel reassortant influenza viruses to public
health and provides recommendations for ef-

fective prevention and control strategies of this
pathogen.

THE EMERGING PANDEMIC INFLUENZA
VIRUSES

Since the beginning of the last century, the 1918
HIN1, 1957 H2N2, 1968 H3N2, and 2009
HINI influenza viruses have caused influenza
pandemics, with the reemergence of HINI in
1977 considered as a “pseudo epidemic” (Liu
et al. 2018). Generally, the pandemics were ini-
tiated by a successful reassortant virus bearing
genes of human and avian and/or swine influ-
enza viruses through the introduction and ad-
aptation of a novel HA segment, which is known
as the antigenic shift (Fig. 1). Afterward, these
pandemic viruses become the cause of seasonal
influenza viruses that are disseminated among
humans for years until being replaced by or co-
circulating with the next pandemic virus.

It has been more than a century since the
Spanish flu (HIN1) outbreak of 1918, which is
recognized as the most lethal natural event in
recent history (Guan et al. 2010; Liu et al.
2018). The origin of the 1918 HINI1 genes re-
mains ambiguous. Before the decoding of the
1918 virus genome, the virus was widely consid-
ered to be derived directly from an avian origin
(Webster et al. 1992). This theory was later sup-
ported by the similarity between the consensus
amino acid sequences (Tumpey et al. 2005) of
AIVs and the available genetic information on
the 1918 pandemic strain, A/Brevig Mission/1/
1918 (Reid et al. 1999). Smith et al. (2009a) dat-
ed the pandemic influenza viruses using Baye-
sian relaxed clock methods and showed that the
1918 virus was generated over a period of years
by reassortment between introduced avian vi-
ruses and previously circulating swine and hu-
man strains. Each gene segment of the 1918
HIN1 virus was identified to have been circulat-
ing in swine and humans at least 2-15 yr before
its occurrence in 1918 (Fig. 1).

In 1957, a pandemic known as the “Asian
flu” resulted in millions of deaths caused by a
new reassortant influenza A virus H2N2 that
arose from the circulating human HIN1 virus
with the novel H2, N2, and PBI1 genes derived
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from Eurasian avian virus sources (Fig. 1). Dat-
ing of pandemic influenza viruses using Baye-
sian relaxed clock methods suggests that the
introduction of these three genes into the pan-
demic H2N2 occurred 2-6 yr before the pan-
demic (Smith et al. 2009a).

In 1968, another reassortant influenza virus,
H3N2, emerged, causing the “Hong Kong flu.”
The virus was the result of the H3 and PB1 gene
segments (Fig. 1) of an avian flu virus mixing
with the H2N2 virus between 1966 and 1968
(Smith et al. 2009a; Guan et al. 2010).

“Russian flu” was a small but notorious
pandemic with HIN1 reemergence in Russia
reported in 1977. Phylogenetic analyses of the
reemergent HIN1/1977 virus confirmed that all
of the eight genes were directly derived from the
HINT1 viruses circulating in the 1950s (Fig. 1;
Nakajima et al. 1978), and gene segment dating
analysis showed a prior circulation of 2-3 yr
before its detection. These results may support
the hypothesis that the reemergence of HIN1/
1977 could have resulted from accidental labo-
ratory reintroduction. However, the possibility
also exists that the virus was reintroduced as a
result of unintentional contact with frozen
corpses of patients or infected animals in the
permafrost.

In 2009, a new strain of HIN1 emerged,
which carried gene segments derived from
swine influenza viruses, causing what was ini-
tially called “Swine flu” (Liu et al. 2018). This
2009 pandemic virus (A(HIN1)pdm09) re-
placed the previous seasonal HIN1 viruses
that circulated for three decades until 2009;
since 2009, the A(HIN1)pdmO09 virus has cocir-
culated in humans with H3N2 viruses. Gene
segment sequencing data show that all the ge-
netic components of this new virus have de-
scended from influenza viruses known to have
naturally occurred in swine populations, which
were circulating for more than 10 years before
the outbreak in humans (Neumann et al. 2009;
Smith et al. 2009b). The North American pig-
derived H3N2 and/or HIN2 triple reassortant
viruses, which were first reported in 1998, con-
tributed the majority of the genes of the 2009
A/HINT1 viruses, and the NA and M gene seg-
ments potentially originated from Eurasian avi-

an-like swine HIN1 viruses, which were initially
identified in European pigs in 1979 (Fig. 1).

Existing evidence points to pandemic influ-
enza viruses having diverse reassortment ori-
gins. However, at least one virus of animal origin
was involved in each of the reassortments before
their circulation in humans. The novel gene seg-
ments for the H2N2/1957 and H3N2/1968 pan-
demics seem to have originated from avian
hosts, and A(HINI1)pdmo09 originated from
swine hosts, whereas the zoonotic sources of
the introduced viral gene segments for the
1918 pandemic are uncertain. Considering the
recent H7N9 and other human-infecting AIVs
(Huo etal. 2018a), poultry also plays a key role in
facilitating reassortment events in addition to
swine and wild birds and may provide a new
source for the development of the next influenza
pandemic. Thus, there is a need for systematic
surveillance of influenza in wild and domestic
animals that will provide early evidence for the
emergence of viruses with pandemic potential
in humans (Quan et al. 2018a).

EMERGING HxNy IN BIRDS, WILD
MAMMALS, AND LPMs

It is well-established that wild aquatic birds are
the natural hosts for most subtypes of IAVs,
which are known as AIVs. Until now, IAVs
have been detected in more than 100 wild bird
species. Of 131 known subtypes of IAV (Fig. 2),
most were circulating in wild birds, except for
H17N10 and H18N11, which were influenza-
like viruses for which genetic material has only
been detected in bats thus far (Tong et al. 2013).
Amongall the AIVs, only 11 subtypes, including
H5N1 (deJong et al. 1997), H5N6 (Bi et al.
2019), H6N1 (Wei et al. 2013), H7N2 (Mari-
nova-Petkova et al. 2017), H7N3 (Tweed et al.
2004), H7N4 (Tong et al. 2018), H7N7 (Puzelli
etal. 2014), H7N9 (Liu et al. 2013), HIN2 (Butt
et al. 2005), HION7 (Organization 2004), and
H10N8 (Chen et al. 2014) are known to infect
humans (Fig. 3). The H5N1 subtype was first
confirmed to infect humans in Hong Kong, Chi-
na in 1997 (Claas et al. 1998; Subbarao et al.
1998), and since then it has frequently been re-
ported in other countries of Asia, Europe, and
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H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16 H17 H18
N1 | 1918 1957 1976 1977 1959 1969 1934 2011 1974 1976 1977 1983 1993 X X X X X
N2 | 1967 1957 1968 1976 1972 1963 1978 1986 1966 1966 1975 1977 1979 2011 1983 X X X
N3 | 1976 1973 1976 1976 1959 1985 1963 2007 1993 1978 1983 2005 1979 1982 X 1975 X X
N4 | 1994 2002 1985 1977 2006 1977 1982 1967 2002 1978 2002 1998 1989 X 2008 X X X
N5 [1978 1984 1974 1982 2000 1972 1977 2005 1987 1983 2007 1975 X 1982 X X X X
N6 | 1976 1984 1976 1956 1975 1980 2005 2010 1977 1981 1956 1976 1977 2006 1979 X X X
N7 | 1992 1986 2007 1998 2001 1997 1902 1991 1970 1949 1999 1981 1986 X 2010 X X X
N8 |1994 1977 1963 1972 1983 1963 1979 2009 2003 1965 1993 2005 2000 2010 1983 2008 X X
N9 (1933 1972 1993 1986 1966 1975 1988 X 1988 1979 1974 1981 1978 X 1979 2009 X X
N10 X X X X X X X X X X X X X X X X 2009 X

N11 X X X X X X X X X X X X X X X X X 2010

Figure 2. Currently known subtypes of influenza A viruses and their earliest year of identification. To show the
influenza A viruses that have naturally occurred with different pairing of HA and NA, H1-H18 and N1-N11 were
paired in a matrix. The earliest year of identification for each natural influenza A virus is shown in yellow cells.
The influenza A viruses that have not been identified are indicated by an “X.”

Africa. To date, H5N1 AIV has infected 861
people worldwide, of which 455 have died
(WHO 2019a), and it can be isolated from hu-
mans, pigs, tigers, cats, domestic poultry, and
wild birds (Yee et al. 2009). Following the iden-
tification of H5N1, several novel AIV subtypes,
such as HON2, H5N6, H6N1, H10N8, H7N9,
and H7N4, have been reported to infect humans
(Quan et al. 2018a). Unlike other subtypes of
AIVs, which only led to sporadic cases of human
infections, since 2013, there have been five waves
of H7N9 A1V, causing a total of 1568 laboratory-
confirmed human cases and 616 deaths (WHO
2019b) as well as sporadic cases later. Notably,
H7N9 was identified as a low pathogenic AIV
(LPAIV) (Gao et al. 2013; Liu et al. 2013) initial-
lyin 2013, but it caused severe disease in humans
(Yang et al. 2019). Unfortunately, the H7N9
LPAIV later mutated into highly pathogenic
AIV (HPAIV) by insertion of four amino acid
residues (Zhang et al. 2017; Quan et al. 2018b),
generating multiple basic amino acids at the
cleavage site of the HA protein. Importantly,
H7N9 HPAIV infection caused a higher case
fatality rate of 50% than that caused by H7N9
LPAIV (Yang et al. 2019). Because of the high
human mortality rates of some AIVs, the highly
pathogenic H5N1 and H7N9 AIVs pose a huge

threat to public health and cause huge economic
losses worldwide (Liu et al. 2014).

In addition to wild aquatic birds, only a lim-
ited number of IAV subtypes circulate in some
mammals other than humans, such as pigs, cats,
dogs, horses, cows, ferrets, bats, whales, and
seals. The most common subtypes of IAVs are
HIN1, HIN2, and H3N2, which continuously
circulate in swine. As swine are susceptible to
influenza viruses from both humans and avians,
they have been considered as a “mixing vessel,”
in which novel subtypes of IAVs can be gener-
ated by massive reassortments and mutations
(Ma et al. 2008).

Other mammals, such as horses, can be in-
fected by H3N8 and H7N7, and H5N1 and
H5N6 have also been isolated from cats and
tigers. In addition to terrestrial mammals,
IAVs have also been detected in marine mam-
mals (Fig. 3). The first reported case of marine
mammals infected by an IAV was in seals, which
were infected by H7N7 IAV in 1979 (Webster
et al. 1981b). The humans who handled these
dead seals subsequently developed purulent
conjunctivitis with a high titer of H7N7 AIV
in their conjunctival membranes (Webster
et al. 1981a), which raised concern regarding
AIV transmission from marine mammals to hu-
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Figure 3. Natural reservoir and mammalian hosts of influenza A viruses. Animals with green and blue back-
grounds are terrestrial and marine mammals, respectively. Subtypes of influenza marked next to the animal are
currently known to infect that animal. The red font indicates that the virus can infect humans.

mans. Since then, H4N5 (Hinshaw et al. 1984),
H4NG6 (Callan et al. 1995), H3N3 (Callan et al.
1995), HIN1 (Goldstein et al. 2013), H3N8 (An-
thony et al. 2012), HION7 (Zohari et al. 2014),
and influenza B virus (Osterhaus et al. 2000)
were isolated from seals in 1982, 1991, 1992,
2010,2011,2014, and 1999, respectively. Whales
are another marine mammal from which
H13N2 (Hinshaw et al. 1986), H13N9 (Hinshaw
et al. 1986), and HIN3 (Lvov et al. 1978) viruses
have been detected.

The exposure of poultry to wild birds in-
creases the risk of novel subtypes of influenza
viruses being transmitted from wild birds to
poultry. Recently, LPMs have displayed an im-
portant role for the emergence and evolution of
novel AIVs, such as H7N9, H10N8, and H5N6
(Wei et al. 2013; Chen et al. 2014; Gao 2014; Ma

et al. 2015; Bi et al. 2016; Huo et al. 2018b).
Therefore, LPMs, with chickens sold there,
also play a role as a novel “mixing vessel” or
“incubator” for novel influenza viruses (Su
etal. 2015). Furthermore, the extensive reassort-
ment of AIVs in live poultry increases the like-
lihood of the generation of novel types of IAVs
and the risk of being adapted to humans. Several
studies have revealed that a higher percentage of
people infected by AIVs had a history of expo-
sure to live poultry or LPMs (Cowling et al. 2013;
Lietal. 2014). In China, H5N1 and HIN2 AIVs
emerged during the 1990s, and since then they
have been cocirculating in LPMs. The H7N9
subtype has appeared in LPMs in China since
2013 (Liao et al. 2016). After that, H7N9 AIV
was documented to continuously undergo dy-
namic reassortments (Cui et al. 2014; Lam et al.
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2015). Surveillance of LPMs in China from 2014
to 2016 revealed that H5N6, which arose from
reassortments of H5 and H6N6 viruses, replaced
H5N1 as one of the dominant AIV subtypes in
southern China, especially in ducks (Bi et al.
2016). Until now, at least 24 human H5NG6 virus
infections have been reported with a case fatality
rate of ~67%, which seems higher than that of
H5N1-infected cases (Bi et al. 2019; WHO
2019¢).

The mounting evidence suggests that ani-
mals, including wild birds, poultry in LPMs,
and pigs, play an important role in the emer-
gence, evolution, and transmission of novel
IAVs, and close contact among birds, swine, hu-
mans, and other mammals poses a potential
threat to both agriculture and public health.

RECEPTOR BINDING SPECIFICITY OF Hx

The receptor binding property of HA protein is
a crucial determinant of interspecies transmis-
sion of influenza viruses. To enable “host jump-
ing,” viruses need to be able to bind to the
receptors of host cells, which is the first step of
virus entry (Wiley and Skehel 1987; Sun et al.
2013; de Graaf and Fouchier 2014; Shi et al.
2014; Wu et al. 2014). Typically, avian-specific
influenza viruses bind only o.-2,3-linked SA gly-
cans (avian receptor), whereas the human influ-
enza viruses preferentially bind the o-2,6-linked
SA receptors (human receptor) (Fig. 4). It is
thought that human influenza viruses originated
from avian-specific viral strains, which gradual-
ly evolved to obtain human-receptor binding
capacity (Taubenberger and Kash 2010).

The receptor-binding site (RBS) of HA com-
prises three critical secondary elements, 130-
loop, 190-helix, and 220-loop (Fig. 4). The key
interacting residues within each element display
quite remarkable variations among different
subtypes of influenza viruses, resulting in dis-
tinct receptor binding properties (Shi et al.
2014). For different HA subtypes of influenza
viruses, the key determinant residues for hu-
man-receptor binding capacity or human/
avian-receptor preference could also be signifi-
cantly different. There could be more than one
path for a specific HA subtype to evolve from

Emerging HxNy Influenza Viruses

avian-receptor specificity to dual-receptor tro-
pism and even subverting to human-receptor
specificity (Xiong et al. 2014). Based on bio-
chemical and structural studies, we have gained
substantial understanding of the determinants
of receptor binding properties for a few HA sub-
type influenza viruses, including the HI, H2,
H3, H4, H5, H6, and H7 subtypes. However,
for the H10 subtype, occasional human infec-
tion cases have been reported, but the virus has
typical avian-receptor binding preference
(Wang et al. 2015b), which could be explained
by the presence of a-2,3-linked SA receptors in
the lower respiratory tract of humans.

Receptor Binding Determinants of H1

For the HI subtype, two sites, 190 and 225
(Fig. 4), play critical roles in determining re-
ceptor binding specificity (Matrosovich et al.
2000; Gamblin et al. 2004; Xu et al. 2012a;
Zhang et al. 2013b). Most of the H1 subtype
influenza viruses can bind to both human and
avian receptors but with different preference
for each receptor. The viral isolates from avian
hosts normally possess E190 and G225 feature
residues and preferentially bind to avian re-
ceptors. Substitutions with D190 and G225
switch the binding property from avian- to
human-receptor preference, but they retain
avian-receptor binding capacity. In addition,
the combination of D190 with 225D/E could
enable H1 subtype HA to specifically bind to
human receptors (Matrosovich et al. 2000;
Gamblin et al. 2004; Xu et al. 2012a; Zhang
et al. 2013b). The two residues D190 and
225D/E directly interact with the second
(Gal-2) and third (GlcNAc3) glycan rings in
o-2,6-linked SA receptors, which favorably
bind to human receptors. As the glycan resi-
dues in o-2,3-linked SA receptors adopt a dif-
ferent configuration, similar interactions do
not occur for binding avian receptors, resulting
in a specificity for human receptors in this
context (Zhang et al. 2013b). In addition, the
residue at position 138 also affects the receptor
binding property of H1 subtype HA (Rogers
and D’Souza 1989), for which the structural
basis has not been elucidated.
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Figure 4. Molecular determinants for receptor binding properties of different hemagglutinin (HA) subtypes. (A)
Structure of HA trimer. One of the protomers is colored by subunits with HA1 in green and HA2 in cyan. The
receptor binding site (RBS) is indicated by a dashed oval. (B) Close-up view of the structural motifs within RBS.
(C) Structures of different sialic acid receptors. (D-I) The key determinant residues (sticks) for the receptor

binding properties of different HA subtypes.

Receptor Binding Determinants of H2 and H3

In the adaptation process of H2 and H3 subtype
influenza viruses, Q226L and G228S substitu-
tions are key determinants (Fig. 4), and the
Q226L substitution appears to be more critical
for human-receptor recognition (Rogers et al.
1983; Eisen et al. 1997; Matrosovich et al.
2000; Ha et al. 2003; Liu et al. 2009; Pappas
et al. 2010; Xu et al. 2010). The H2/H3 subtype
HA proteins of avian origin can bind to both
human and avian receptors, whereas human-

adapted viral strains preferentially recognize hu-
man receptors. Structures of HA bound to re-
ceptor analogs have revealed that residue L226
provides a hydrophobic platform to accommo-
date the nonpolar C6 atom of Gal-2, which
favors human-receptor binding, but is incom-
patible with the hydrophilic oxygen atom of the
glycan residues in o-2,3-linked avian receptors
(Eisen et al. 1997; Liu et al. 2009). However,
cooperative residue substitution at positions
222 and 225 and similar hydrophobic substitu-
tions for L226 by Val/lle have also been ob-
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served. These substitutions alter the flexibility of
the 220-1loop, and therefore, they affect the bind-
ing affinity to receptors (Lin et al. 2012).

Receptor Binding Determinants of H4

Recent research has shown that the Q226L sub-
stitution plays a pivotal role in altering receptor
binding specificity for H4 HAs, and the G228S
substitution decreases the affinity for avian re-
ceptors, whereas it enhances binding to human
receptors (Fig. 4; Song et al. 2017). The H4 sub-
type HA with Q226/G228 combination only
binds to avian receptors. A single substitution
of G228S could enable human-receptor binding
but does not influence the affinity to bind to
avian receptors. Moreover, further replacement
of Q226L renders the H4 subtype HA to specit-
ically recognize human receptors (Song et al.
2017). According to the structures of H4 in a
complex with avian/human-receptor analogs,
the G228S mutation contributes two additional
hydrogen bonds to the SA residue, which allows
binding to both human and avian receptors. The
substitution of Q226L changes the microenvi-
ronment of the 220-loop, which alters the con-
formation of Gal-2 and favors the binding of
human receptors but does not successfully ac-
commodate avian receptors (Song et al. 2017).
Although there is no direct evidence for human
infection yet, the adaptation for human receptor
preference in swine H4 isolates implicates the
potential threat to humans.

Receptor Binding Determinants of H5

The H5 subtype influenza viruses are typical
avian-specific viruses, despite the highly patho-
genic H5N1 virus having caused hundreds of
cases of human infection since the outbreak in
1997. No evidence has revealed that H5 subtype
influenza viruses have evolved to human-recep-
tor-binding preferences in nature, but several
artificial tropism-switching substitutions have
been identified in laboratories (Herfst et al.
2012; Imai et al. 2012; Russell et al. 2012). The
key determinants for the receptor tropism of H5
subtype HA primarily include the Q226L sub-
stitution and the loss of glycosylation at position

Emerging HxNy Influenza Viruses

158 (Fig. 4). The Q226L substitution plays a
similar role to that of the H2/H3 subtype HAs,
which alter the hydrophobicity of the 220-loop
region to favor human-receptor binding. The
substitution at residue 158 or 160 leads to a
loss of glycan chain modification in the 150-
loop, which avoids the potential steric hindrance
for binding human receptors and further favors
its preference (Lu et al. 2013; Xiong et al. 2013a;
Zhang et al. 2013a). In addition, some other
residue substitutions outside the RBS have also
been shown to affect the thermostability of HA
molecules, which may facilitate airborne trans-
mission between mammalian hosts (Imai et al.
2012; Xiong et al. 2013a; Zhang et al. 2013a;
Linster et al. 2014).

Receptor Binding Determinants of H6

In 2013, the first human case of infection with
AIV H6N1 was reported in Taiwan (Wei et al.
2013). Biochemical analysis revealed that the
HA of this viral isolate was dual-receptor tropic
with a remarkable preference to human recep-
tors (Wang et al. 2015a). Sequence analyses for
H6 subtype HAs over the past decades have in-
dicated the adaptation process from avian recep-
tor specificity to dominant human-receptor
preference, suggesting highly evolved human
adaptation features (Shi et al. 2013a; Wang
et al. 2015a). The receptor binding property of
H6 subtype HA is primarily determined by two
residues at 190 and 228 (Fig. 4). The combina-
tion of E190 and G228 binds to the avian recep-
tor only in the context of a highly conserved
Q226. Substitutions of E190V and G228S enable
human-receptor binding but retain good bind-
ing to avian receptors (Wang et al. 2015a). Fur-
ther substitution of P186L severely reduces the
binding affinity to avian receptors, leading to the
adaptation of human-specific viruses (Wang
et al. 2015a). Structures of human/avian H6
bound to different receptor analogs showed
that the G228S mutation further strengthens
binding to both avian and human receptors by
introducing two additional hydrogen bonds to
the SA residue. The E190V substitution cooper-
ates with P186 to create a hydrophobic environ-
ment for contacting the Gal-2 residue, which
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enables human-receptor binding. This context
may change the conformation of the Gal-2 of the
avian receptor, but it does not significantly in-
fluence its binding affinity (Wang et al. 2015a).
The replacement of P186L further enhances the
hydrophobicity in this region and repulses the
Gal-2 of the avian receptor with cis conforma-
tion because of the longer side chain of leucine,
which destabilizes the binding of avian receptors
(Wang et al. 2015a).

Receptor Binding Determinants of H7

The H7N9 epidemic since 2013 and the more
recent H7N4 human infection cases have high-
lighted the potential of H7 subtype influenza
viruses to adapt toward human hosts (Bao
etal. 2013; Liu et al. 2014). Although some stud-
ies have revealed that H7N9 subtype influenza
viruses have not obtained efficient human-to-
human transmission capacity, evident human-
receptor adaptation of H7 subtype HA was
observed before and after the outbreak in 2013
(Xuetal. 2019). Based on current knowledge, the
receptor binding property of H7 subtype HA is
primarily determined by residues at two posi-
tions, 186 and 226 (Fig. 4; Kageyama et al.
2013; Shi et al. 2013b; Xiong et al. 2013b). Two
other sites, 138 and 221, play minor roles in co-
operatively affecting binding affinities (Xu et al.
2019). Different from other HA subtypes, the
canonical signature substitution of Q226L is not
the key to enabling human-receptor binding of
H7 subtype HA. Instead, a single G186V muta-
tion is the determinant of avian-specific H7
subtype HA gaining human-receptor binding
capacity, which might emerge earlier in its evo-
lution (Xu et al. 2019). In contrast, the Q226L
replacement might be selected later to further
regulate its affinity for different receptors. More
importantly, L226 is only favorable for both hu-
man and avian receptors when paired with all the
hydrophobic residues at the 138, 186, and 226
positions. Structural evidence has revealed that
the G186V mutation subverts the local hydro-
phobicity to affect the side-chain conformation
of E190, which directly interacts with SA recep-
tors. However, the Q226L substitution alters the
stability of the 220-loop, affecting binding to both

human and avian receptors (Xu et al. 2019). Bio-
informatics analysis have shown that the current
circulating H7 subtype influenza viruses are dual-
receptor tropic with a preference for human re-
ceptors (Quan et al. 2018b; Xu et al. 2019), but
engineered mutants with human-receptor speci-
ficity have also been developed in laboratories (de
Vries et al. 2017), which might be indicative of
the next stage of viral adaptation.

MOLECULAR FEATURES OF Ny AND ITS
INHIBITORS

Enzymatic Activity and Inhibitor Binding
Specificity of Ny

Neuraminidase is one of the major envelope
proteins on the surface of influenza viruses,
and it is responsible for the cleavage of SAs
from glycans on the host cell surface to release
progeny viruses (Palese et al. 1974). So far, 11
subtypes of NAs of IAVs have been discovered
(Fig. 5). Apart from two NA-like (N10 and N11)
genes, which were derived from bats, nine sub-
types (N1-N9) of canonical NAs are classified
into two groups based on their primary se-
quences: Group 1 consists of N1, N4, N5, and
N8, and group 2 consists of N2, N3, N6, N7, and
N9 (Air and Laver 1989; Tong et al. 2012, 2013).
The head domain structures of these eleven sub-
types of NAs have been determined (Varghese
et al. 1992; Russell et al. 2006; Wang et al. 2011;
Imai etal. 2012; Zhu et al. 2012; Tong et al. 2013;
Wu et al. 2013b; Sun et al. 2014). The eight
functional residues, R118, D151, R152, R224,
E276,R292, R371, and Y406 in the N2 number-
ing, directly interacting with the substrate and
the 11 framework residues, E119, R156, W178,
S179,D198,1222, E227, H274, E277, N294, and
E425, supporting the catalytic sites are con-
served among N1-N9, whereas, for N10 and
N11, only three functional residues and three
(N10) or four (N11) framework residues are
conserved. In addition, the N10 and N11 pro-
teins exhibit no sialidase enzymatic activities in
vitro, which can be explained by the structural
analysis.

It is clear to observe the additional cavity
(150-cavity) adjacent to the active site in group
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A Group 3 N1 B Group 1

Group 2 Atypical group 1

150-loop 270-100p

Figure 5. Comprehensive analysis of 11 known neuraminidases of influenza A virus. (A) The phylogenetic tree of
neuraminidases (NAs) from 11 known influenza A virus subtypes. (B) Comparison of the active sites of typical
group 1, group 2, and atypical group 1 NAs. All the NA molecules are presented in surface representation. Free
VNO04N1 (PDB code 2HTY, red), free N2 (PDB code 4K1H, green), 09N1 (PDB code 3NSS, orange), oseltamivir
carboxylate-bound VN04N1 (PDB code 2HU4, pink), oseltamivir carboxylate-bound N2 with half-open form of
150-loop (PDB code 4K1K, light green), and 09N1-1223R (PDB code 4B7M, light yellow). (C) Superimposition
of NA monomers with emphasis on the 150-loop, 270-loop, 340-loop, and 430-loop. The colors of different NAs
are VNO4N1 (PDB code 2HTY, red), N2 (PDB code 4K1H, green), N3 (PDB code 4HZV, blue), N4 (PDB code
2HTYV, yellow), N5 (PDB code 3SAL, magenta), N6 (PDB code 4QN4, cyan), N7 (PDB code 4QN3, lemon), N8
(PDB code 2HT5, pink), and N9 (PDB code 4MW], deep green).

1 NAs (Vavricka et al. 2011). The 150-cavity
stems from the open form of the 150-loop (res-
idues 147-152), which plays an essential role in
substrate/inhibitor binding (Fig. 5). Compared
with other group 1 members, N5 has an extend-
ed 150-cavity due to the residue N147 (Wang

etal. 2011). All the group 2 NA members display
a closed form of the 150-loop, which results in
the deficiency of the 150-cavity. Interestingly,
the pandemic 2009 HINI neuraminidase
(pO9N1) exhibits a closed 150-loop, which is
the same as group 2 NA members (Li et al.
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2010). Therefore, p09N1 was defined as an atyp-
ical group 1 NA.

Oseltamivir carboxylate can induce the rigid
N2 150-loop to open, and this half-open form of
the 150-loop can be stabled by the neighboring
NA molecule (Wu et al. 2013c¢). In contrast, za-
namivir guanidino has stronger interactions
with the 150-loop for maintaining its closed
conformation. Moreover, drug-resistant muta-
tion also has an effect on the conformation of
the 150-loop. p09N1-I223R adopts an open
conformation compared with the closed form
in wild-type pO9N1 (van der Vries et al. 2012).
The 1223R mutation has a markedly more sub-
stantial effect on NA inhibition by oseltamivir
than by zanamivir, which indicates that the in-
teractions provided by the 4-guanidino group of
zanamivir may compensate for lost interactions
resulting from drug-resistant mutations. This
hypothesis was proved by a hybrid inhibitor,
MS-257, which combines the advantageous
groups from both oseltamivir and zanamivir.
This small molecule exhibits potent inhibition
to N2 with drug-resistant mutations (E119V
and 1222L) compared with oseltamivir. The
N2-inhibitor complex structure indicates that
the 4-guanidino group interacts with the resi-
dues on the 150-loop (Liu et al. 2016). Group-
specific inhibitor is one of the options of drug
development. Inhibitors targeting the 150-cavi-
ty have been reported, which display the inhibi-
tion ability to group 1 NAs (Rudrawar et al.
2010; Wu et al. 2015).

Apart from the 150-loop, the 270-loop (re-
sides 267-276), 430-loop (429-433), and 340-
loop (342-347) surrounding the active site are
diversified in different subtypes of NAs (Fig. 5),
and the 430-loop coordinates the conformation
of the 150-loop. A series of explorations target-
ing these two sites has been reported (Feng et al.
2013; Xie et al. 2014). Structural analysis indi-
cates that the 270-loop of group 1 NAs and
group 2 NAs (without N3) are located on oppo-
site sides, whereas the 270-loop of N3 is in the
middle. This unique 270-loop results from the
specific interactions between Q273, Y252, K270,
and Y316. An additional residue, K271, forms
hydrogen bonds with the carboxyl oxygen of
T314, which also contributes to stabilize the

270-loop. The 340-loop plays an essential role
in the conserved NA calcium-binding. Com-
pared with the NA structures of other known
influenza virus, the 340-loop of N6 and N7 are
oriented further away from the conserved
calcium ion because of the hydrogen bond
with specific residue S$326. Residue P347 and
the additional proline, P345 in N6 and P344 in
N7, may be another essential factor in determin-
ing the unique conformation of the 340-loop.
Importantly, these unique 340-loops result in a
distinct 340-cavity adjacent to the active site in
both N6 and N7, which may be a potential in-
hibitor target.

The Drug Resistance Profile of Ny

Currently, NA inhibitors (NAIs) are widely used
as antiviral drugs for the treatment and chemo-
prophylaxis of influenza infections. Four NAIs,
oseltamivir, zanamivir, peramivir, and lanina-
mivir, are commercially available (Webster and
Govorkova 2014). These NAIs have been devel-
oped to mimic the natural substrate of NA, SA,
thereby preventing the cleavage function of NA
through competition (Kim et al. 1998). The
emergence of NAl-resistant influenza viruses
is mainly related to the use of NAIs, although
in some cases it is difficult to find direct evi-
dence. Through sequence comparison, NAI re-
sistance-associated amino acid substitutions
were determined, which affected the binding af-
finity between the NA enzyme and the inhibitor
and allowed influenza viruses to evade the action
of NAIs (Gubareva 2004). Therefore, it is im-
portant to classify and monitor NAIT resistance-
associated substitutions in circulating human
seasonal influenza viruses and pandemic poten-
tial zoonotic influenza viruses.

Because of the highly conserved active sites
in TAV subtypes (Colman 1994; Gamblin and
Skehel 2010), viruses carrying substitutions at
or nearby the eight catalytic residues and 11
framework residues show a various susceptibil-
ity to different NAIs, from susceptibility, normal
inhibition, and reduced inhibition to highly re-
duced inhibition (HRI) (WHO 2012). In 2013-
2014, global surveillance of the susceptibility of
human influenza viruses performed by the
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World Health Organization (WHO) Collaborat-
ing Centres reported that A(HIN1)pdm09 with
NA H274Y, A(H3N2) with NA E119V, B/Vic-
toria-lineage with NA E119G, and B/Yamagata-
lineage with NA H274Y, showed HRI against at
least one of the four NAIs (Takashita et al. 2015).
In a recent WHO report in September 2019,
33 of 4626 tested influenza A(HIN1)pdm09
viruses, 1 of 3424 H3N2 viruses, and 18 of the
1727 influenza B viruses showed reductions in
susceptibility to one or more of the inhibitors
(https:/www.who.int/influenza/vaccines/en/).
NA inhibitor resistance-associated amino acid
substitutions have also been detected in zoonotic
influenza viruses isolated from humans, such as
A(H5N1) with NA H274Y (Le et al. 2005) and A
(H7N9) with NA R292K (Zhu et al. 2018).
Evidently, each NA type/subtype may prefer
different NAI resistance markers. This reflects
differences in the intrinsic chemical properties
of drugs and differences in the structures of viral

Emerging HxNy Influenza Viruses

enzymes (Reece 2007). Because of widespread
use in clinics against seasonal influenza, NAI
resistance markers of IAVs of N1 and N2 sub-
types and influenza B viruses have been well
studied and summarized (Nguyen et al. 2012).
Some of the other subtypes, such as N3-N9,
sporadically spill over from birds and infect hu-
mans, indicating their pandemic potential
(Table 1). Song et al. developed an NA gene-
fragmented random mutagenesis method for
screening mutations and conferring reduced
susceptibility to NAIs among avian-origin N3-
N9 (Song et al. 2015; Choi et al. 2018). Some
NAI markers are only detected in one type/sub-
type, such as 117V, 149A and 155H in A(N1),
151E/V/D in A(N2), 293N in A(N7), and 402S
ininfluenza B. The NAI markersat 119,274, and
292 could be functional among type/subtypes.
The NAI resistance mutation, such as
H274Y on NA of A(HIN1)pdmO09, could impair
enzyme activity and the balance between HA

Table 1. Reported molecular markers that reduce the susceptibility of neuraminidase inhibitors for each influ-

enza type/subtype
Influenza A subtypes
Site in N2 numbering N1 N2 N3 N4 N5 Nb6 N7 N8 N9 Influenza B
116 A? D
117 \Y
119 V/A/G D/I/V G V. D V/G/D V/A/G/D  V/A/G/D
136 K/L/R K/L K K
147 I \Y%
149 A
151 E/V/D
152 w K K
155 H
198 G E/N/Y
222 K/R/VIM M/T/R/IK  L/T/V
224 K
246 N/G \Y% T
247 P
274 Y Y Y Y Y Y Y Y
276 D D D
292 K K K K K K K K
293 N
294 S S S
371 K K K
402 S
427 T L

“Capital letters are amino acid abbreviations.
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and NA proteins, resulting in lower viral fitness
(Brookes et al. 2011). However, substitutions in
HA elicited simultaneously to changes in the NA
protein may function as permissive substitutions
to maintain the HA/NA balance. Thus, different
combinations of HA and NA subtypes or their
continuing evolution may affect the resistance of
NAI markers and permissive mutations. There-
fore, the assessment of new emerging influenza
viruses needs to be sustained.

THE MATCHING PATTERN OF THE GENE
SEGMENTS IN HxNy

Reassortment is the process in which viruses
possessing segmented genomes, such as IAVs,
exchange gene segments, leading to the emer-
gence of a new subtype/genotype of viruses. The
reshuffling of genetic materials provides the
possibility of rapidly forming variable progeny
viruses, which is essential to increase genetic
diversity and promotes the evolution of IAVs,
especially when it occurs between avian- and
mammalian-origin IAVs (Marshall et al. 2013).
Some of these descendants may acquire both
antigenic novelty, likely leading to antigenic
shift, and the ability to spread efficiently through
a human population, which could become epi-
demiologically privileged strains and have the
potential to cause influenza pandemics (White
and Lowen 2018).

The genome of AIVs shows high heteroge-
nicity and flexibility, and accordingly, frequent
genetic reassortment has been observed among
the AIVs in wild birds and LPMs. In tracing the
transmission and evolution of the novel human-
infecting H7N9 influenza virus, a dynamic reas-
sortment model was proposed to illustrate the
evolutionary pattern of H7N9 AIVs (Liu et al.
2013). In this model, the two surface glycopro-
tein genes, HA and NA, were relatively stable.
However, after an H7N9 virus was transmitted
to a new region, it would reassort with HON2
AlVs circulating locally and obtain one to six
internal gene segments from HIN2, generating
a series of novel H7N9 genotypes (Fig. 6). Mean-
while, dynamic reassortment was also found in
H4N2, H5N6, H10N8, and HPAIV H7N9 influ-
enza viruses (Wu et al. 2013a; Zhang et al. 2014;

Bi et al. 2016; Gao et al. 2016; Quan et al. 2018a,
b). Apart from the internal genes, interlineage
reassortment of the NA gene segment was also
found in the HPAIV H7N9 variants. Therefore,
the dynamic reassortment process, especially
among the internal genes, is quite flexible and
accounts for the major evolutionarily driving
force of AIVs.

However, being a virus with eight separate
gene segments, an infectious virion requires a
constellation of all the segments to constitute
the virus genome. Many studies show that this
constellation is specific because of the potential
segment mismatch at the RNA and protein lev-
els, although some researchers believe that ge-
netic reassortment may be a random process
(Lowen 2017; White and Lowen 2018). As
most mutations are deleterious, most reassort-
ment events result in genetic incompatibilities
and fitness defects of the progeny viruses. There-
fore, most of the reassorted influenza viruses
may be negatively selected by the incompatibil-
ity among viral genes/proteins.

First of all, the interaction and functional
balance between the two surface glycoprotein
genes, HA and NA, in AIVs, have been found
to be closely related to viral replication efficiency
and fitness (Mitnaul et al. 2000). Lineage-spe-
cific HA-NA matching patterns have also been
reported in H5N6 AIVs (Biet al. 2016). In terms
of human influenza, Xu and colleagues (Xu et al.
2012b) found that both A/Japan/305+/1957
(H2N2) and A/Hong Kong/68 (H3N2) had
strong HA binding and high NA activity, where-
as A/California/04/2009 (HIN1) displayed
weak HA receptor binding with weak NA activ-
ity, which demonstrated a remarkable correla-
tion between HA and NA in these pandemic
viruses. In addition, despite apparently ample
opportunity for intersubtype reassortment
among seasonal IAVs, epidemiological evidence
shows that only a few reassortant viruses
achieve sustained circulation. All of this evi-
dence suggests that evolutionary constraints
lead to negative selection of the reassortants.
However, the disrupted balance and fitness be-
tween HA and NA functions can be recovered
through mutations in HA, NA, or both (Mitnaul
et al. 2000).
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Figure 6. The matching of internal gene segments within H7N9 and HON2. Poultry act as a “mixing vessel” (in the
blue box) for the emergence of different strains of H7N9. When H7N9 and HON2 avian influenza viruses coinfect
the same cell via HA glycoproteins their genomes replicate synchronously. If the packaging signals from viral
ribonucleoprotein complexes (VRNPs) of the same segments are the same, the genomic segments from different
viruses may assemble together. The progeny viruses with appropriate adaptability, transmissibility, and com-
patibilities will successfully survive and jump to the new host. Different colors represent different gene segments
of H7N9 and HI9N?2 avian influenza viruses. (Magenta) Internal genes of H7N9, (green) HA and NA of H7N9,
(blue) internal genes of HIN2, (gray) HA and NA of HON2.

Reassortment between influenza viruses is
also restricted by limited compatibility among
the viral ribonucleoprotein (VRNP) complex
subunits, including PB2, PB1, PA, and NP. The
amino terminus of PB1 (amino acid positions 1-
15) interacts with PA, and its carboxyl terminus
(amino acid positions 685-756) has PB2-bind-
ing domains, which interact with polymerase
and oligomeric NP to form vVRNP complexes
(Oldstone and Compan 2014). To exert biolog-
ical function, PB2 accurately captures the cel-
lular pre-mRNAs to generate 5° capped RNA
fragments, which are cleaved by the amino-ter-
minal endonuclease domain of PA, and then
PB1 catalyzes RNA synthesis. Therefore, the in-
teraction among the three polymerase subunits
is intimately linked, which is critical to virus
replication efficiency and pathogenicity.

Octaviani and colleagues designed an
experiment in which every segment of a season-
al HIN1 virus, A/Kawasaki/UT-SAI-23/2008

(HIN1), was substituted individually by a pan-
demic A(HIN1)pdm09 virus using reverse ge-
netics. They found that reassortants containing
PB2, PA, or NP genes derived from the pandem-
ic virus could not be rescued. In particular, re-
assortants with the A(HIN1)pdm09 PB2 had
the lowest polymerase activity (Octaviani et al.
2011). Although more than half (58/95) of the
A/California/4/2009 (A(H1IN1)pdmO09) vari-
ants that contained the polymerase genes PB2,
PB1, and PA from seasonal H3N2 and avian
H5N1 could be rescued, 23 of the 50 available
reassortants exhibited low or impaired replica-
tion and transcription activities. Moreover, in
most of the reassortants, PB2 and PB1 were re-
assorted together (Song et al. 2011). However,
when the avian H5N1 virus genome was re-
placed by at least one internal gene from human
H3N2 influenza, most chimeric constellations
were deleterious for viral replication in cell cul-
ture. Yet, in vitro, the remaining reassortants,
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most of which contained original avian-like
PB1, showed high replication efficiency (Chen
et al. 2008).

CONCLUDING REMARKS

The unpredictable occurrence of new subtype
HxNy influenza may lead to the next pandemic,
posing a continuous threat to global public
health. Based on the main points raised here,
we suggest two primary strategies: global coop-
eration-based surveillance and applied basic re-
search to enhance the existing cross-department
and multidisciplinary measures to prevent and
control influenza epidemics and pandemics.
Continuous prevalence of diverse subtypes of
IAVs among wild birds, mammals, and especial-
ly LPMs provides a range of possibilities for the
emerging of human-infecting viruses with the
potential for a pandemic. Thus, one-health-
based surveillance, which concerns both human
and animal hosts, is a basic strategy and prereq-
uisite for influenza control and prevention.
Meanwhile, applied basic research would enable
us to understand the mechanisms and patterns of
the emergence of new HxNy and the develop-
ment and utilization of corresponding vaccines
and drugs. HA is one of the primary determi-
nants of whether the influenza virus binds to
different hosts and is also the target of antibodies.
Thus, the investigation of the molecular features
of Hx would benefit the development of vaccines
and monoclonal antibody-based drugs. Consid-
ering the suboptimal performance of the current
HA-oriented influenza vaccine, the understand-
ing of the reassortment mechanism for the gene
segments, especially the six internal segments,
may shed light on the development of a universal
vaccine. Meanwhile, as the target of globally used
anti-flu drugs, NA-oriented drug resistance
surveillance and investigation of the under-
pinned molecular mechanism would benefit
next-generation drug development for prepared-
ness of pandemics. The combined evidence
suggests that integrated anti-influenza activity
provides a preeminent model for the surveillance
network and basic research against other infec-
tious diseases.
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