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H3N2 influenza viruses not only cause seasonal epidemics in humans but also circulate widely in animals, posing a threat to both
animal and human health. Our previous studies indicate that H3N2 avian influenza viruses (AIVs) are readily detected in live
poultry markets (LPMs); however, the evolution and biological characteristics of the H3N2 viruses in poultry farms in China are
unclear. In this study, we performed active surveillance and collected 49,135 samples from poultry farms. In total, 21 H3N2 AIVs
were isolated and their genetics, receptor-binding properties, and replication in mice were evaluated. Phylogenetic analysis
indicated that H3N2 AIVs harbor complicated gene constellations and have undergone extensive reassortment; the viruses derived
their genes from 12 different hemagglutinin subtypes of duck viruses, including H1, H2, H4, H5, H6, H7, H8, H9, H10, H11, H12,
and H14. The complicated gene constellations indicated that H3N2 viruses may have been introduced into poultry farms from
different sources, but none have become dominant in poultry farms. Although the H3N2 AIVs possessed avian-type receptor-
binding preference, most of the isolates could replicate without preadaptation and some of H3N2 viruses caused weight loss in
mice. Notably, two H3N2 viruses acquired the PB2 627K mutation after a single round of replication in mice, suggesting similar
mutations could occur if they replicated in humans. Overall, our study demonstrates that the H3N2 AIVs pose a potential threat to

the public health and emphasizes the need for continued surveillance of H3N2 viruses in the both LPMs and poultry farms.

1. Introduction

Avian influenza viruses (AIVs) naturally circulate in water-
fowl and sometimes cross the species barrier to infect humans
and other mammals [1, 2]. AIVs are classified by the antigenic
and genetic properties of their surface glycoproteins, hemag-
glutinin (HA) and neuraminidase (NA), into 18 HA subtypes
and 11 NA subtypes [3, 4]. Sixteen HA subtypes and nine NA
subtypes have been isolated from ducks, swans, and other
waterfowl species [1]; H17N10 and H18N11 subtypes have
only been identified from bats [5, 6]. The H1, H2, and H3
subtypes have successfully crossed the species barrier to infect
humans and have caused at least four pandemics, with the
HINI and H3N2 subtypes still actively circulating among
humans. Wild waterfowl infected with AIVs are usually
asymptomatic and exhibit weak immune responses [7];

therefore, different subtypes silently circulate and reassort in
these natural reservoirs. As lessons from pandemics have
shown, reassortment is the main mechanism by which novel
viruses with pandemic potential may emerge [2].

Among all influenza A virus subtypes, the H3 subtype
AlIVs have been reported to have a diverse mammalian host
range in addition to waterfowl [3, 4, 8]. In 1968, the H3 virus
jumped from birds to humans and caused the H3N2 Hong
Kong flu pandemic [9]; since then, it has been one of the
causative pathogens of seasonal influenza in humans. The
H3 subtype has also established stable circulation in other
mammals, mainly, horses, pigs, dogs, and seals. In 1963, the
first equine case of H3N8 infection was reported in the
United States [10], and H3N8 has since become endemic
in horses worldwide. In 1998, there were reports of severe
respiratory diseases caused by H3N2 virus in breeding sows
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[11], and now the H3N2 viruses are wildly spreading among
pig populations. In 2004, the first cases of canine influenza
caused by H3N8 occurred in racing greyhounds [12], and in
2008, an avian-origin H3N2 canine virus was reported in
South Korea [13]. The H3 subtype virus can even infect
sea mammals; the first seal H3N3 virus was isolated in
1992, and an avian H3NS8 virus infected seals in 2012, caus-
ing 162 deaths [14]. Additionally, H3 viruses have been iso-
lated from mammals, such as cats, mink, and ferrets [4].
Moreover, human seasonal H3N2 and avian H3N2 spillovers
into the swine population were observed [15, 16]. In 2010,
H3N2 variant viruses (H3N2v) were detected with genes
from avian, swine, and human viruses, and the 2009 HIN1
pandemic virus M gene [17]. Interspecies transmission of
AlVs is an important factor in the evolution and ecology
of influenza viruses [3, 4, 8]. Considering their wide host
range and circulation in both avian and mammalian species,
the H3 AIVs with various gene constellations provide abun-
dant genome materials to generate a reassortant virus with
pandemic potential.

The H3N2 subtype has been the main subtype circulating
in avian species in China [18], and has undergone active reas-
sortment with other influenza virus subtypes in live poultry
markets (LPMs) [19-22], which could generate a virus with
pandemic potential. We previously showed that H3N2 AIVs
isolated from LPMs have complicated gene constellations, and
some isolates can transmit among guinea pigs and ferrets [20].
Furthermore, we found that some H3N2 viruses recovered
from ferrets obtained key mammalian adaptive mutations
(i.e., HA Q226L or G228S), which changed the receptor-binding
preference of the H3N2 virus from avian-type to human-type
receptors, resulting in the efficient transmission of H3N2 AIVs
between ferrets by respiratory droplets [23]. However, the
diverse gene constellations and this biological characterization
of H3N2 AIVs mainly represent the characteristics of viruses
circulating in the ecosystem in LPMs, an artificial niche for easy
reassortment between different AIV subtypes [24, 25], but not
the natural ecosystem of H3 AIVs in animals. Hence, it is
important to monitor the evolution of H3N2 AIVs in poultry
farms. In this study, 21 H3N2 AIVs were identified from poultry
farms through our routine surveillance between 2019 and 2021
in China, and their genetic characteristics, receptor-binding
preference, and pathogenicity in mammals were investigated.
Our findings will help us understand the characteristics of
H3N2 AlVs in their natural hosts and the potential threat posed
by recent H3N2 AIVs, which will expand our knowledge and
ability to prevent and control, AIVs.

2. Materials and Methods

2.1. Ethics Statements and Facility. The study was performed
following the recommendations in the Guide for the Care and
Use of Laboratory Animals of the Ministry of Science and
Technology of the People’s Republic of China. The viral sam-
ples collected during active surveillance were processed in the
enhanced biosafety Level 2 (BSL2+) facility at the Harbin
Veterinary Research Institute of the Chinese Academy of
Agricultural Sciences (HVRI, CAAS).
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2.2. Virus Isolation and Identification. Through our routine
active surveillance of poultry farms in China between February
2019 and April 2021, a total of 21 H3N2 subtype AIVs were
isolated. Cloacal and tracheal swabs from the same animal were
combined as one sample and preserved in phosphate-buffered
saline (PBS) containing 2,000 U/mL penicillin and 2,000 ug/mL
streptomycin. To isolate viruses, the samples were centrifuged
at 6,000 r/min for 3 min and then the supernatant was inocu-
lated into 9- to 11-day-old embryonated chicken eggs and
cultured at 37°C for 48 hr. Allantoic fluid collected from posi-
tive samples was subjected to the hemagglutinin inhibition (HI)
assay with homemade H3 subtype-specific antisera to identify
the H3 subtype, and the NA subtype was confirmed by Sanger
sequencing. All viruses were biologically cloned three times by
limiting dilution in embryonated specific-pathogen-free (SPF)
eggs. Virus stocks were amplified in SPF chicken eggs and
harvested allantoic fluids were preserved at —80°C.

2.3. Sequence and Phylogenetic Analyses. The genomes of the
H3N2 viruses (GISAID accession numbers: EPI2257143-
EPI2257310) were extracted for genetic and phylogenetic
analyses in this study. Viral RNA (VRNA) extraction was
performed by using a TIANamp Virus RNA Kit (Tiangen,
Beijing, China) according to the manufacturer’s protocol,
and then cDNA was synthesized by reverse transcription
with the Unil2 primer (AGCAAAAGCAGG) and amplified
by PCR with primers complementary to the conserved
promoter and noncoding region of each gene segment
(primers available on request). Sequencing was performed
by using the BigDye Terminator Cycle Sequencing Kit and
analyzed on an ABI 3500xL genetic analyzer (3500xL Genetic
Analyzer, USA).

The nucleotide sequences were edited by using the SeqMan
module of the DNAStar and aligned by using the MAFFT in
the PhyloSuite (v1.2.2) software package [26]. The MegAlign
module of the DNAStar software package was used to calculate
the sequence identity. The phylogenetic trees of the genes were
analyzed by using the neighbor-joining method with a boot-
strap value of 1,000. A > 95% cutoff was used to categorize gene
segments into different groups in the phylogenetic trees. The
sequences used in the trees were downloaded from GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) or GISAID (https://
platform.epicov.org/epi3/start). In brief, a tree built with all
available sequences (full-length only and removing the identi-
cal sequences) was generated, and sequences in the respective
branches were selected to build the final tree based on virus
epidemiological information (Supplementary 1).

2.4. Receptor-Binding Specificity Analysis. Receptor-binding
properties were analyzed by using a solid-phase binding assay
with two artificially synthesized glycopolymers: a-2,3-siaylgly-
copolymer (Neu5Aca2- 3Galbl-4GIcNAcb1-pAP- (para-ami-
nophenyl-) alpha-polyglutamic acid (a-PGA)) (avian-type
receptor) and a-2,6-sialylglycopolymer (Neu5Aca2-6Galbl-
4GIlcNAcb1-pAP- (para-aminophenyl-) alpha-polyglutamic
acid (a-PGA)) (human-type receptor) as described previously
[27]. First, the viruses were purified through 30% sucrose in
PBS. Then, the purified viruses with a series of twofold dilutions
were incubated with a plate coated with the two different
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TasLE 1: The H3N2 avian influenza viruses isolated from poultry farms in China.
. . Date Groups
No. Strain Location Host Genotype
(Year/month) HA NA PB2 PB1 PA NP M NS
1 A/chicken/Chongqing/S1183/2019 Chongging Chicken 2019/3 1 1 1 1 1 1 1 1 Gl
2 A/chicken/Fujian/S1133/2019 Fujian Chicken 2019/3 2 2 2 2 2 2 1 1 G2
3 A/duck/Guangdong/S1335/2019  Guangdong  Duck 2019/3 2 3 3 3 2 2 1 1 G3
4 A/duck/Jiangsu/S1133/2019 Jiangsu Duck 2019/4 3 1 2 6 5 3 1 1 G4
5 A/duck/Jiangxi/S10652/2019 Jiangxi Duck 2019/2 4 2 1 4 1 31 2 G5
6 A/duck/Guangxi/S20378/2019 Guangxi Duck 2019/4 1 1 1 4 3 3 1 2 G6
7 A/duck/Guangxi/S10481/2021 Guangxi Duck 2021/2 1 1 1 4 33 1 2 G6
8 A/duck/Guangxi/S40337/2019 Guangxi Duck 2019/12 1 1 1 4 4 3 2 2 G7
9 A/duck/Guizhou/S4193/2019 Guizhou Duck 2019/10 5 4 1 4 33 1 2 G8
10 A/duck/Guizhou/S4217/2019 Guizhou Duck 2019/10 5 1 2 4 4 3 1 2 G9
11 A/duck/Hunan/S40447/2019 Hunan Duck 2020/12 1 1 4 1 3 1 1 1 G10
12 A/duck/Hunan/S40691/2019 Hunan Duck 2019/11 5 2 2 5 3 3 3 2 Gl11
13 A/chicken/Anhui/S1354/2020 Anhui Chicken 2020/4 5 1 2 4 3 3 1 2 Gl12
14 A/chicken/Sichuan/S1582/2020 Sichuan  Chicken 2020/5 4 1 1 4 6 3 3 2 G13
15 A/duck/Guangxi/S10174/2020 Guangxi Duck 2020/5 6 1 1 4 4 2 1 2 Gl4
16 A/duck/Guangxi/SD1023/2021 Guangxi Duck 2021/2 6 1 1 4 4 2 1 2 G14
17 A/duck/Guangxi/S20563/2020 Guangxi Duck 2020/6 6 1 1 4 4 3 1 2 GI15
18 A/duck/Guangxi/S40365/2020 Guangxi Duck 2020/11 5 1 1 4 33 1 2 Gl16
19 A/duck/Jiangxi/S40704/2020 Jiangxi Duck 2020/12 7 5 5 1 7 1 1 3 G17
20 A/duck/Hunan/SC04/2021 Hunan Duck 2021/1 8 1 1 4 4 2 1 2 G18
21 A/duck/Sichuan/S1525/2021 Sichuan Duck 2021/4 5 1 1 4 4 31 1 G19

glycopolymers at 4°C overnight. The next day, the plate was
washed with cold PBS and then immobilized with 4% formalin.
After the plate was again washed five times with PBST (PBS
containing 0.1% Tween 20), chicken antiserum against the
indicated viruses was added to the wells and incubated at
37°C for 1hr. Then, the plate was washed and subsequently
incubated with a horseradish peroxidase (HRP)-conjugated
goat-anti-chicken antibody (Sigma—Aldrich, St. Louis, MO,
USA) for 1 hr at 37°C. The plate was subjected to color devel-
opment with O-phenylenediamine (Sigma—Aldrich, St. Louis,
MO, USA). The absorbance was measured at 490 nm.

2.5. Study in Mice. The replication and virulence of H3N2
AIVs were evaluated in groups of eight 6-week-old female
BALB/c mice (Vital River Laboratories, Beijing, China). The
mice were lightly anesthetized with CO,, then intranasally
inoculated with 10° 50% egg infective dose (EIDs5,) of the
indicated H3N2 viruses in a volume of 50 uL as previously
described [28]. The mock group was inoculated with 50 uL of
PBS. On Day 3 postinoculation (p.i.), three of the eight
infected mice in each group were euthanized, and their
organs, including nasal turbinates, lungs, kidneys, spleens,
and brains were collected for virus titration in eggs. The virus
titers were calculated by using the Reed and Muench [29]
method. The remaining five mice in each group were moni-
tored daily for weight loss and mortality for 14 days.

2.6. Statistics Analysis. Raw data from the samples were con-
verted to the logarithmical scale before further analysis.
Statistical significance between different groups was assessed
by using the Unpaired t-test in GraphPad Prism (v8) software.

Assume both populations have the same standard deviation
(SD). P<0.05 was considered statistically significant.

3. Results

3.1. Virus Isolation. To characterize H3N2 AIVs in their nat-
ural hosts rather than the artificial ecosystem created by
humans in LPMs, we collected 49,135 samples from poultry
farms in 27 provinces, autonomous regions, and municipali-
ties of China, during our routine surveillance from February
2019 to April 2021. With an isolation rate of 0.33%, we iso-
lated 163 virus strains, belonging to the H1, H3, H4, H5, H6,
H9, and H11 subtypes. Among the AIVs, 21 H3N2 viruses
were isolated, including 4 chicken viruses and 17 duck viruses
(Table 1), indicating that the H3N2 AIVs were mainly circu-
lating in ducks. The H3N2 viruses were isolated from 10 of 27
sampling regions (i.e., Guangdong, Guangxi, Fujian, Jiangxi,
Hunan, Sichuan, Guizhou, Anhui, Jiangsu, and Chongqing),
indicating that H3N2 AIVs are mainly circulating in the
southern regions of China.

3.2. Phylogenetic Analyses of the HA and NA Genes. To elu-
cidate the genetic relationship of the H3N2 AIVs in poultry
farms of mainland China, the genomes of the 21 isolates were
compared with available H3 viruses downloaded from data-
bases. The evolutionary relationship of the 21 HA genes is
presented in a tree constructed by using the neighbor-joining
method (Figure 1(a)). The HAs of the 21 H3N2 AIVs belong
to the Eurasian avian lineage, which exhibits a clear differ-
ence from the canine, equine, swine, and human H3 viruses.
A high degree of genetic diversity was observed among the 21
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Ficure 1: Phylogenetic analysis of the surface genes of H3N2 avian influenza viruses. The phylogenetic tree was generated by using the
neighbor-joining method and the MEGA 7.0 software package, with 1,000 bootstrap replicates. Sequences with a nucleotide identity of more
than 95% were categorized into the same group: (a) phylogenetic tree of the HA gene; (b) Phylogenetic tree of NA gene. The viruses isolated
in this study are colored in the phylogenetic trees: viruses in black were downloaded from available databases; viruses not belonging to
Eurasian avian lineage were compressed. The scale bar indicates the number of nucleotide substitutions per site.

HAs with nucleotide similarity between 85.7% and 98.9%,
leading to the HAs being divided into eight groups. Surpris-
ingly, the HA gene of three isolates in Group 6 (Figure 1(a)),
A/duck/Guangxi/S10174/2020, A/duck/Guangxi/S20563/2020,
and A/duck/Guangxi/SD1023/2021, was closely related to that
of two human H3N8 isolates, A/Henan/4-10/2022 and
A/Changsha/1000/2022.

The NA genes of the 21 H3N2 viruses in this study
belong to the Eurasian lineage. With a nucleotide similarity
between 88.1% and 99.1%, the N2 genes were classified into
five groups in the tree. Group 1 contains most of the viruses

(n=15), Group 2 contains three viruses, whereas Groups 3,
4, and 5 each contain only one virus (Figure 1(b)). Of note,
Group 3, with only one virus (A/duck/Guangdong/S1335/
2019), formed a new branch with no known origin, since
BLAST analysis indicated that there was no NA gene with
a nucleotide similarity above 95% in the databases. From the
phylogenetic tree (Figure 1(b)), frequent exchanging of the
N2 gene between H3 and other subtype viruses was observed.
A duck H9N2 virus, A/duck/Fujian/11.26_FZHX0195-O/
2018, shared an extremely high nucleotide similarity
(99.08%) with A/duck/Jiangsu/S1133/2019 NA in Group 2
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(Figure 1(b) and Supplementary 2), indicating that HON2 can
directly acquire the NA gene from H3N2 AIVs or vice versa,
although the H3N2 NA was distinct from the main NA
branch of HIN2 viruses (Figure 1(b)). Some N2 genes
were categorized into the same groups containing H1 and
H4, H5, and H6 subtype viruses (Figure 1(b)).

3.3. Phylogenetic Analysis of the Internal Genes. The internal
genes of the 21 H3N2 viruses exhibited considerable diversity,
with the basic polymerase 2 (PB2), basic polymerase 1 (PB1),
acidic polymerase (PA), nucleoprotein (NP), matrix (M), and
nonstructural protein (NS) genes of the viruses sharing nucle-
otide similarities of 86.6%—99.3%, 89.3%—98.9%, 88.8%—99%,
90.2%-98.7%, 92.2%-99.8%, and 70.6%—99.6%, respectively.
In general, the PBI and PA genes of H3N2 AIVs were more
diverse than the other four genes. The PB2, PB1, and PA genes
were classified into five, six, and seven groups, respectively,
whereas the NP, M, and NS genes each contained three
groups (Figure 2). All the genes of the 21 H3N2 viruses belong
to the Eurasian lineages; however, the one exception was that
the M gene of one virus in Group 2 (A/duck/Guangxi/S40337/
2019), which originated from viruses in the North American
lineage (Figure 2(e) and Supplementary 2). Like the surface
genes, all the internal genes of the viruses originated from
different bird species, especially ducks (Supplementary 2). In
addition, the internal genes underwent frequent reassortment
with multiple subtypes. In general, the internal genes of H3N2
AIVs are similar to those of H1, H4, H5, H6, H7, H10, and
H11 subtypes viruses (Figure 2), which are commonly
detected in poultry farms and in LPMs [19-21]. Genes of
H9 subtype viruses were found to be clustered into the
same groups formed by the PB2, PA, NP, M, and NS genes
of H3N2 AIVs (Figures 2(a), 2(c), 2(d), 2(e), and 2(f) and
Supplementary 2). Genes of HI12 subtype viruses were
detected within the same groups in the PB1, PA, and NS trees
(Figures 2(b), 2(c), and 2(f) and Supplementary 2). Genes of H2
subtype viruses were found within the classified groups of PA, M,
and NS genes (Figures 2(c), 2(e), and 2(f) and Supplementary 2).
Moreover, the NS gene of an H8N4 virus and the M gene of an
H14N3 virus were found within the NS and M gene groups
formed by AIVs (Figures 2(e) and 2(f) and Supplementary 2).
In summary, the internal genes of the H3N2 AIVs were clus-
tered into groups containing genes from as many as 12 HA
subtype viruses, namely, H1, H2, H4, H5, H6, H7, H8, H9,
H10, H11, H12, and H14 subtype viruses. Based on this geno-
mic diversity, the 21 H3N2 AIVs were categorized into 19
genotypes, each genotype containing one virus, except for
Genotypes 6 and 14, which contained two viruses each
(Table 1).

3.4. Molecular Characterization. The cleavage sites of all 21
HAs contain only one basic amino acid (R), which implies
that all the H3N2 isolates are low-pathogenic AIVs [24, 30].
Amino acid substitutions at many positions of HA are criti-
cal for pathogenicity, receptor binding, and the host range of
AlVs. Therefore, we analyzed the amino acid sites in HA that
influence the receptor-binding preference, including 138 (H3
numbering, used hereafter), 155, 158, 159, 160, 186, 189, 190,
192,193, 218, 225, 224, 226, and 228 [23, 31-44]. Avian virus

signatures were observed at 13 of these 15 positions, with the
exceptions being positions 159 and 193 (Table 2). At position
HA 159—a site involved in the adaptation of viruses in swine
[42]—one virus contained G, two viruses contained S, and
the other 18 viruses contained N. At position HA 193—a site
that affects the receptor-binding specificity of AIVs [41]—one
virus harbored G, nine viruses harbored S, and the remaining
11 viruses harbored N, suggesting a potential change in
receptor-binding specificity. For the NA protein, we did not
observe the deletion at positions 63—65, which can confer
mammalian adaptation to HON2 viruses [45].

Many sites in the internal genes of AIVs are associated
with pathogenicity and transmission in mammals. Sequence
analysis indicated that all 21 viruses contain avian virus sig-
natures in many of these sites, including 271T, 590G, 591Q,
627E, 648L, and 701D in PB2; 269S, 207K, 436Y, 622G, and
677T in PB1; 2248, 356K, and 515T in PA; 286A, 357Q and
437T in NP; and 30D, 156D, and 215A in M1 [38, 46-56].
However, a few mammalian adaptive amino acid substitu-
tions were detected in some genes (Table 2). In the PB2 gene,
292V and 588V, which play important roles in the transmis-
sion and adaptation of H7N9 and H10N8 viruses [48, 57],
were detected in two and one virus isolates, respectively
(Table 2). Surprisingly, all 21 isolates contained PA 383D,
which is associated with increased polymerase activity in
human cells [46]; 20 of the 21 isolates harbor NS1 42S, which
is associated with the pathogenicity of H5 and H1 viruses in
mammals [58, 59]. In addition, one isolate contained M2 31N,
which is indicative of resistance to adamantine and rimanta-
dine [60]. In summary, at most of the sites associated with
mammalian adaptation, the H3N2 AIVs maintained avian
signatures, but some viruses did acquire a few mammalian
adaptative mutations [61]. These data indicate that the H3N2
AIVs may exhibit a mammalian-adaptative phenotype.

3.5. Receptor-Binding Specificity. The essential prerequisite
for AIVs to cross the species barrier from avian to human
is the recognition of a-2,6-linked sialic acids (SAs) (human-
type receptors). Molecular analysis indicated that most of the
sites that affect receptor-binding preference were conserved,
except Positions 159 and 193 in HA, which did not significantly
change the antigenicity of the H3N2 viruses (Supplementary 3).
Given that most recent H3N2 AIVs possess N at Position 159,
but exhibit amino acid polymorphism at Position 193, the role
of HA N193S in receptor-binding preference was investigated.
Two H3N2 isolates, with N or S at Position 193 in HA, were
selected for evaluation of receptor-binding preference with
two synthesized glycopolymers. As shown in Figure 3, swine
A/swine/Jiangxi/261/2016 (HIN1) and avian A/chicken/
Chongqing/SD001/2021 (H5N6) preferentially bound a-
2,6-linked sialic acids and «-2,3-linked sialic acids (avian-
type receptors), respectively. Although the mutation HA
N193S slightly reduced that binding affinity for human-
type receptors, both A/chicken/Anhui/S1354/2020 (HA
193N) and A/duck/Hunan/SC04/2021 (HA 193S) exhibited
avian-type receptor-binding specificity. These data suggest that
all the H3N2 AIVs maintained their avian-type receptor-
binding specificity.
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TasLE 2: Key molecular markers of the H3 viruses in this study.
Amino acid®

No. Virus name HA PB2 PA Ml NS1

159 193 292 588 383 31 42
1 A/chicken/Chongqing/S1183/2019 N S I A D A% S
2 A/chicken/Fujian/S1133/2019 N N I A D \4 S
3 A/duck/Guangdong/S1335/2019 N N I A D Vv S
4 A/duck/Jiangsu/S1133/2019 N N I A D Vv S
5 A/duck/Jiangxi/S10652/2019 N S I A D \% S
6 A/duck/Guangxi/S20378/2019 N S I A D \Y% S
7 A/duck/Guangxi/S10481/2021 N S I A D \% S
8 A/duck/Guangxi/S40337/2019 N S I A D \ S
9 A/duck/Guizhou/S4193/2019 N N I A% D \Y% S
10 A/duck/Guizhou/S4217/2019 N N Vv A D \ S
11 A/duck/Hunan/S40447/2019 N S A% A D \Y% S
12 A/duck/Hunan/S40691/2019 N N I A D Vv S
13 A/chicken/Anhui/S1354/2020 N N I A D \Y S
14 A/chicken/Sichuan/S1582/2020 N S I A D A% S
15 A/duck/Guangxi/S10174/2020 G N I A D \ S
16 A/duck/Guangxi/SD1023/2021 N N I A D v S
17 A/duck/Guangxi/S20563/2020 S N I A D Vv S
18 A/duck/Guangxi/S40365/2020 N N I A D \Y S
19 A/duck/Jiangxi/S40704/2020 N N I A D \% A
20 A/duck/Hunan/SC04/2021 S S I A D Vv S
21 A/duck/Sichuan/S1525/2021 N N M A D \4 S

“Only amino acids that conferred mammalian adaptation or drug resistance are shown.

3.6. Pathogenicity of the H3N2 Viruses in Mice. Low-pathogenic
AlVs usually cause no signs of disease or mild disease in avian
species [3, 4]. However, low-pathogenic AIVs may cause severe
disease or even death in humans [62]. To evaluate the patho-
genicity of the H3N2 AIVs in mammals, we examined the
replication and virulence of all 21 H3N2 AIVs in BALB/c
mice. All the viruses replicated in the nasal turbinates and
lungs of the mice, with titers ranging from 10"" EIDso/mL
to 10%° EIDsy/mL and 10%7> EIDsy/mL to 10%° EIDsy/mL,
respectively, with the exception of one virus (A/duck/
Hunan/S40447/2019) in Genotype 10, which did not repli-
cate in the lungs of mice (Figure 4). No virus was recovered
from the other organs tested (data are not shown). Seven
viruses caused body weight loss, ranging from —0.23% to
—3.06% (Figure 4), whereas 12 viruses caused body weight
increases, ranging from 3.95% to 15.94%, over the 14-day
observation period. These data indicate that H3N2 AIVs
can replicate in the respiratory system of mammals without
preadaptation and some of them could cause mild disease in
mammals.

3.7. The Role of PB2 E627K in the Mammalian Adaptation of
H3N2 Viruses. Since some of the 21 H3N2 viruses replicated
without preadaptation and caused body weight loss in mice, we
next asked whether these viruses could acquire mutations that
facilitate mammalian adaptation. Sanger sequencing analysis
of viral genomes extracted from infected mice revealed that
two viruses, A/chicken/Anhui/S1354/2020 (S1354) and A/duck/
Guangxi/S40365/2020 (S40365), acquired a dominant PB2

E627K mutation after replication in mice, suggesting a crit-
ical role for PB2 627K in their mammalian adaptation.

To further confirm the role of PB2 E627K mutation, we
purified two viruses recovered from infected mice, acquiring
mouse-adapted S1354 (maS1354) and mouse-adapted S40365
(maS40365), which contain 627K in PB2. Then we performed
a comparative study of viruses with PB2 627E or PB2 627K in
mice. Groups of eight mice were intranasally inoculated with
various doses of indicated viruses, and their replication and
virulence were monitored for 14 days. The replicative ability
of maS1354 was comparable to that of S1354 in mice, as there
was no significant difference between the titers in mice
infected with the paired viruses (Figure 5(a)). The replicative
ability of maS40365 was slightly higher than that of S40365 in
mice; the titer in the lungs of mice infected with maS40365
627K was significantly higher than that of mice infected with
$40365 (Figure 5(b)). The maximum body weight loss of mice
inoculated with 10° EIDs, of maS1354 or maS40365 was
—20.06% and —12.59%, respectively (Figures 5(c) and 5(d)).
For mice inoculated with 10° EIDs, of S1354 or $40365, the
maximum body weight loss was —0.23% and —3.06%, respec-
tively (Figures 5(c) and 5(d)). The results indicate that the
virus harboring PB2 627K was more virulent than the virus
with PB2 627E in mice at the dose of 10° EIDs,.

4. Discussion

In this study, we investigated the genetic and biological char-
acteristics of 21 H3N2 AVIs isolated from poultry farms in
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FIGURE 3: Receptor-binding specificity of H3N2 representative viruses. Binding affinity for avian-type and human-type receptors was analyzed
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indicate standard deviations.

China between 2019 and 2021. Consistent with the epidemi-
ology data of H3N2 viruses in LPMs [19-21, 63], the H3N2
AlVs in poultry farms have undergone frequent reassort-
ment and formed complicated genotypes. Phylogenetic anal-
ysis revealed that the H3N2 AIVs in poultry farms harbor
similar genes to as many as 12 of the other 15 avian-origin
HA subtype viruses, indicating extensive reassortment
between H3N2 and other subtype viruses. The 21 H3N2
viruses formed 19 genotypes, revealing the considerable
capacity of H3N2 viruses as an important gene pool of
AlVs in poultry species. All the genes of the 21 H3N2
AlVs originated from the Eurasian lineage, except for one
virus, which contained the M gene from North American
wild ducks. Additionally, we identified a new N2 branch
without a known origin. Although these viruses maintained
avian-type receptor-binding preference and did not acquire a
key mammalian adaptive mutation in HA, most of the iso-
lates replicated well in mice without preadaptation, and two
of them acquired PB2 627K after a single round of replica-
tion in mice. Our data thus reveal that the H3N2 AIVs pose a
potential threat to humans and continued active surveillance
in poultry farms is as important as that in LPMs.

We observed that H3N2 AIVs share similar genes with
12 HA subtype viruses, including the H1, H2, H4, H5, H6,
H7, H8, H9, H10, H11, H12, and H14 subtypes. However,
similarities with the genes of H13, H15, and H16 subtype
AlVs, which are rarely isolated and mainly maintained in
gulls [64-66], were not observed. The considerable capacity
of H3N2 AIVs to tolerate genes from other subtype AIVs
highlights their potential to generate a reassortant that could
cause a pandemic. AIVs could jump from birds to humans
after acquiring internal genes from HIN2 viruses, as demon-
strated by human cases of H7N9, H5N6, HION3, and HI0N8
virus infection [25, 62, 67—69]. In 2022, two young boys were
infected with a triple reassortant H3N8, which harbored the
surface genes from H3 subtype AIVs and internal genes from
avian HON2 AIVs [70]. In the present study, we found that
H3N2 AIVs tolerate PB2, PA, NP, M, NS, and N2 genes from
HON2 viruses. Although most HON2 AIVs predominantly
circulate in the chickens and most H3N2 viruses circulate
in the ducks [18], the frequent isolation of H3N2 AIVs from
the chickens strongly implies that the H3N2 AIVs could
reassort with HON2 viruses and generate a virus that poses
a threat to humans.
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FIGURE 4: Replication and pathogenicity of H3N2 viruses in mice. Groups of eight mice were intranasally inoculated with 10 EIDs of the
indicated viruses. Three mice from each group were euthanized on Day 3 p.i. and the remaining five were observed for body weight changes
for 2 weeks. Virus titers in organs were determined in eggs. The error bars represent standard deviations, and the dashed line indicates the

lower limit of virus detection.

A receptor-binding preference for human-type receptors is
one of the key factors that facilitates the jump of AIVs from
avian species to humans. Molecular analysis indicated that all
the positions around the receptor-binding pocket were con-
served, except position 193. Stevens et al. [71] demonstrated
that the mutation HA K193R significantly increased the bind-
ing of an H5N1 virus to a-2,6-linked SAs. Medeiros et al. [43]
reported that HA K193S significantly decreased the binding of
HA from equine H3N8 viruses to chicken and sheep erythro-
cytes. Moreover, sequences analysis indicated that 47.3% of
avian H3N2 viruses bear 193N, whereas only 1.4% of human
H3N2 viruses bear 193N. These facts imply that HA N193S
could alter the receptor-binding preference; however, our
solid binding analysis revealed that HA N193S only slightly
decreased the binding affinity for a-2,3-linked SAs. According
to the findings of Medeiros et al. [43] the double mutations HA
N193S and 1194L induce the binding of human H3 to human-

type receptors. Therefore, another mutation would be neces-
sary to alter the receptor-binding preference of H3N2 AIVs.
Our previous study found that the H3N2 AIVs easily acquire
the mammalian adaptive mutation Q226L or G228S, which
switches H3N2 AIVs to human-type receptor preference,
resulting in efficient transmission in ferrets [23]. In our present
study, we did not detect any HA mutation in viruses recovered
from H3N2-infected mice. Xu et al. [72] investigated the distri-
bution of the SAs in ferrets and found that abundant a-2,6-
linked SAs were distributed in the respiratory tract of these
animals [72, 73], whereas, both a-2,3-linked SAs and a-2,6-
linked SAs were distributed in the respiratory tract of mice [74].
The relatively low abundance of a-2,6-linked SAs in mice may
explain why the H3N2 AIVs did not acquire HA mutations
that confer increased human-type receptor-binding affinity.
In our study, many H3N2 isolates replicated well in the
nasal turbinates and lungs of infected mice, however, they
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caused only mild or no body weight loss, which is consistent
with our previous study [20]. The pathogenicity of the influ-
enza virus is dependent on both viral factors and the host
immune system. The low pathogenicity may be attributed to
the lacking of critical mammalian adaptive amino acid sub-
stitutions in viral genes (Table 2). PB2 is another key factor
for the pathogenicity and mammalian adaptation of AIVs.
Two amino acid mutations in PB2, E627K and D701N, are
crucial for the replication and transmission of AIVs in mam-
mals. PB2, E627K or D70IN have emerged in many
mammalian-adapted AIVs, such as H5, H7, and H9 AIVs
[38, 45, 51, 57, 75]. For H3N2 viruses, the human and swine
viruses typically harbor PB2 627K, whereas avian viruses

contain the avian signature PB2 627E. Anthony et al. [14]
found that seal H3N8 viruses naturally harbor PB2 70IN.
Yu et al. [76] reported that a mouse-adapted H3N2 avian
virus contained PB2 701IN. In contrast, in our study, PB2
627K was observed in viruses recovered from H3N2 AIV-
infected mice. Although both PB2 627K and 701N are found
in mammal-adapted AIVs, PB2 627K are more common
than PB2 701D in human isolates. Liang et al. [77] demon-
strated that the acquisition of PB2 627K is driven by the low
polymerase activity attributed to PA, and PB2 701N will
solely emerge in ANP32A knock-out mice. Of note, PB2
627K has emerged in human-infecting H3N8 AIVs [70].
This ready acquisition of PB2 627K, together with our
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previous finding that two mutations HA (226L or 228S) can
switch H3N2 AIVs to human-type receptor specificity,
strongly indicate that H3N2 AIVs pose a potential threat
to humans.

In summary, here we genetically and biologically charac-
terized H3N2 AIVs isolated from poultry farms. Our data
indicate that the gene diversity of H3N2 AIVs in poultry
farms is as complicated as that of H3N2 AIVs in LPMs.
Notably, some H3N2 AIVs readily obtain the mammal-
adapted mutation PB2 E627K in infected mice. Taken
together, our findings emphasize the need for continued sur-
veillance of H3N2 AIVs.
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