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ARTICLE INFO ABSTRACT

Keywords: The H10 subtype avian influenza virus (AIV) poses an ongoing threat to both birds and humans. Notably, fatal
Avian influenza virus (AIV) human cases of HION3 and H10NS8 infections have drawn public attention. In 2022, we isolated two H10N3
HlON?f viruses (A/chicken/Shandong/0101/2022 and A/chicken/Shandong/0603/2022) from diseased chickens in
EZS}igtglz:icity China. Genome analysis revealed that these viruses were genetically associated with human-origin H10N3 virus,

with internal genes originating from local HIN2 viruses. Compared to the H10N8 virus (A/chicken/Jiangxi/102/
2013), the H10N3 viruses exhibited enhanced thermostability, increased viral release from erythrocytes, and
accumulation of hemagglutinin (HA) protein. Additionally, we evaluated the pathogenicity of both HION3 and
H10NS8 viruses in mice. We found that viral titers could be detected in the lungs and nasal turbinates of mice
infected with the two H10N3 viruses, whereas H10N8 virus titers were detectable in the lungs and brains of mice.
Notably, the proportion of double HA Q222R and G228S mutations in HION3 viruses has increased since 2019.
However, the functional roles of the Q222R and G228S double mutations in the HA gene of H10N3 viruses remain
unknown and warrant further investigation. Our study highlights the potential public health risk posed by the
H10N3 virus. A spillover event of AIV to humans could be a foretaste of a looming pandemic. Therefore, it is
imperative to continuously monitor the evolution of the HION3 influenza virus to ensure targeted prevention and
control measures against influenza outbreaks.

1. Introduction 2020, 2022a). Genetic mutation and recombination are the primary

mechanisms of influenza virus evolution. Novel influenza viruses accu-

Avian influenza A virus is a zoonotic pathogen that causes intermit-
tent pandemics. The first step for avian influenza A virus to cause a
pandemic is to spread widely among host species and spill over into
humans (Lipsitch et al., 2016). Over the years, several subtypes avian
influenza viruses have caused human infections and fatalities, posing a
significant threat to human health. These subtypes include H7N9, H5N6,
H10N8, H7N4, H5N8, H10N3, H10N5, and H3N8 (Bi et al., 2016; Liu
et al., 2013; Pyankova et al., 2021; Yang et al., 2022; Zhang J, et al.,

* Corresponding authors.

mulate adaptive mutations to infect humans, leading to pandemics (Long
et al., 2019). Consequently, continuous surveillance of influenza viruses
is imperative.

Avian influenza viruses can be divided into highly pathogenic avian
influenza virus (HPAIV) and low pathogenic avian influenza virus
(LPAIV) based on their pathogenicity in chickens (Rebel et al., 2011).
Most H5 and H7 subtype HPAIVs can cause high morbidity and mortality
in poultry flocks (Parums, 2023; Zhu et al., 2019). The H7N9 virus has
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resulted in millions of poultry deaths in China and human infections with
a mortality rate of about 39.7% (Jiang et al., 2022; Zhu et al., 2019).
Additionally, H5N1 has led to over 800 cases and 400 deaths worldwide
since its first appearance (Philippon et al., 2020). These findings indicate
that both H5 and H7 subtype HPAIVs pose a threat to birds and humans.
In addition to HPAIVs, LPAIVs should not be ignored (Li et al., 2017;
Zhang et al., 2023a). LPAIVs (i.e., H3, H9, and H10 subtypes) are
generally low pathogenic to birds. However, they can still cause human
infections and deaths (Zhang et al., 2023b), posing serious public health
concerns.

In recent years, the emergence of H3 and H10 AIVs in China has been
of particular concern (Chen et al., 2023; Liu et al., 2024; Sun et al., 2023).
Both have caused human deaths. The first H10 subtype AIV was isolated
from chickens in Germany in 1949. Since then, more than 2000 H10
subtype AlVs have been isolated in wild waterfowl, poultry, and mam-
mals around the world. The continued prevalence of HIONx subtype AIVs
in birds has raised concerns about the risk of cross-species infection with
H10 viruses. Since 1984, more than 60 H10Nx viruses have been isolated
from mink, seals, and pigs (Wang et al., 2022). Although rare, some cases
of human infection with H10 subtype AIVs have been reported. In
December 2013, the first human case of HIONS infection was reported in
China, where a total of three people were infected with HIONS8, two of
whom died (Chen et al., 2014; Qi et al., 2014; To et al., 2014). From 2011
to 2015, H10ON8 was the predominant subtype of influenza virus in
China. However, from 2016 to 2021, H10N3 became the most prevalent
subtype (Zhang et al., 2021). HION3 viruses isolated by Wu et al. in live
poultry markets (LPM) in 2016 and 2017 exhibited reduced pathoge-
nicity in mice (Wu et al., 2019). However, recent studies have demon-
strated that HI1ON3 viruses isolated from chickens exhibit high
pathogenicity in mice and can be efficiently transmitted to Guinea pigs
via aerosol route (Guo et al., 2022; Liu et al., 2022). Notably, these novel
H10N3 viruses exhibit a preference for both avian and human receptors,
indicating a growing public health threat (Liu et al., 2022). In 2021, a
case of human infection with H10N3 influenza virus was identified in
China. The male patient infected with the H10N3 virus exhibited fever,
fatigue, severe pneumonia, acute respiratory distress syndrome, septic
shock, and other physiological characteristics (Qi et al., 2022). These
findings suggest that HION3 AIV has the potential to adapt to mammals,
which could pose a serious threat to human health. Therefore, it is
essential to strengthen routine surveillance and risk assessment for
avian-origin HION3 influenza virus in China, to ensure that early
warning, prevention, and control measures can be put in place to effec-
tively combat AIVs.

Previous studies have shown that HION3 and H10N8 are the two
most abundant subtypes of H10 subtype viruses in China, and the
dominant H10 subtype viruses in China shifted from H10N8 to HION3
during 2016-2021. Therefore, we performed evolutionary analyses of
H10N3 viruses and compared the biological properties of HION3 and
H10N8 viruses in vivo and in vitro, with the intention of indicating
whether H10N3 viruses became the dominant viruses among the H10
subtypes of viruses for the prevention and control of avian influenza of
the H10 subtype. We found that H10N3 viruses increased thermosta-
bility, viral release from erythrocytes, and expression of HA protein in
mammalian cells, suggesting that HION3 viruses pose an increasingly
threat to public health in recent years. Our results provide novel insights
into the risk assessment of HION3 viruses and provide an early warning
of influenza pandemic potential.

2. Materials and methods
2.1. Virus isolation

Two H10N3 influenza viruses were isolated from chicken tracheal
samples from a farm in Shandong Province of China, which were desig-

nated as A/chicken/Shandong/0101,/2022 (H10N3) and A/chicken/
Shandong/0603/2022 (H10N3), respectively. The whole genomes of
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two H10N3 influenza viruses were amplified using Hoffmann's primer
(Hoffmann et al., 2001). In December 2013, the first human infection
with influenza A (H10N8) virus was detected in China. To better un-
derstand the origin of the influenza A H10N8 virus, which has caused
human deaths, an epidemiologic investigation was conducted at the live
poultry market that the patient visited a few days before the onset of
symptoms. Our laboratory successfully isolated the HION8 virus from a
chicken swab sample named A/chicken/Jiangxi/102/2013 (H10N8)
(EPI530539-EPI530546, hereafter 102/H10N8). In the 102/H10N8
isolate, the cleavage site of HA has only one basic amino acid (arginine,
R). In addition, amino acid residues 226Q and 228G (H3 numbering) of
the HA protein show avian-like receptor binding preferences (Qi et al.,
2014). Mice in the 102/H10N8 virus-infected group survived infection
without significant weight loss, indicating low pathogenicity in mice
(Chen et al., 2015). The three viruses were propagated in 10 days SPF
embryonated chicken eggs and stored at —80 °C.

2.2. Phylogenetic analysis of H10 subtype influenza viruses

All available gene sequences of HION3 AIVs were downloaded from
GISAID. We first performed quality control analysis to remove sequences
with 100% nucleotide homology. Subsequently, multiple sequence
alignment of these sequences was conducted using MAFFT in PhyloSuite
(v1.2.2) (Zhang D. et al., 2020). Subsequently, IQ-tree (v1.6.12) was used
to construct a maximum likelihood (ML) tree of eight gene segments, in
which the HKY nucleotide substitution model was selected, and the
operation was repeated 1000 times. Finally, the generated trees were
illustrated by FigTree (v1.4.4) and iTOL (https://itol.embl.de).

2.3. Geographical distribution analysis of subtype H10 influenza viruses

The HA gene sequences of H10 subtype influenza viruses from China
between 1978 and 2023 were downloaded from EpiFlu's database of
GISAID. Then, the number of H10 subtype influenza viruses in China was
counted, and the distribution of H10 subtype influenza viruses in China
was plotted using the R package ggplot2 (v 3.4.4) and Adobe Illustrator
2023.

2.4. Amino acid frequency analysis of different amino acid residues

Amino acid frequencies at positions 222 to 228 of HA protein were
analyzed using Weblogo3.4 (http://weblogo.threeplusone.com/). All
available genome sequences of H10N3 viruses isolated in China were
downloaded from GISAID and aligned using MAFFT (v7.3). Amino acid
frequencies at positions 222 to 228 of HA protein were visually repre-
sented through WebLogo3.4.

2.5. Plaque assay

MDCK cells were grown in Dulbecco's modified Eagle's medium
(DMEM) and seeded on six-well plates, confluent monolayers were
washed twice with PBS. MDCK cells were infected with 10-fold serially
diluted viruses and cultured at 37 °C in a 5% CO; atmosphere. After 2 h
post-infection (hpi), the cells were washed twice with PBS and overlaid
with 2% agar in 2 x concentrated DMEM with 0.2% bovine serum al-
bumin (BSA) and 0.5 pg/mL TPCK-trypsin. After 48 hpi, the agarose was
removed, and the cells were fixed in 4% paraformaldehyde fix solution
and stained with 0.5% crystal violet. Plaques were visualized and
manually counted.

2.6. Thermal stability

To determine the thermal stability of H10 subtype AIVs, the HA units
of each virus were measured and then diluted to a uniform HA potency
using PBS and the two-fold dilution method. The diluted virus was sub-
jected to incubation at 55 °C for different time intervals, including 15
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min, 30 min, 45 min, 1 h, 2h, 3h, 4 h, and 5 h (Zhang et al., 2022b). The
titers of heat-treated H10N3 and H10NS8 viruses were determined using
the HA assay. Three independent experiments were conducted.

2.7. Virus release assay

To evaluate the HA-NA functional balance of the viruses, a virus
elution assay was performed. A 96-well hemagglutination plate was
taken, and 50 pL of PBS was added to each well. Next, 50 pL of virus
solution was added to the first vertical well. Then a two-fold gradient
dilution was made to the 11% well, and the 12" well as a control well.
After that, 50 pL of chicken erythrocytes were added to each well. The
plate was then incubated for 1 h at 4 °C, and the initial hemagglutination
potency was recorded (Sekine et al., 2022). The microtiter plate was
stored at 37 °C, and the decrease in HA titer was recorded every hour
until 10 h had passed.

2.8. Growth kinetics of the virus in MDCK cells

MDCK cells were infected with 10-fold serially diluted viruses and
cultured at 37 °C in a 5% CO, atmosphere for 48 h to determine the 50%
tissue culture infective dose (TCIDsg). Virus-infected cells were examined
by detection of viral M1 using immunocytochemistry (ICC). TCIDs value
was calculated using the Reed-Muench method. Multistep replication
kinetics were determined by inoculating MDCK cells with viruses
at a multiplicity of infection (MOI) of 0.001. Following 1 h incubation at
37 °C, the cells were washed two times and incubated in DMEM con-
taining 0.25 pg/mL TPCK-trypsin and 0.2% BSA. Supernatants were
collected at 12, 24, 36, 48, and 60 hpi and titrated on MDCK cells.

2.9. Determination of viral protein expression at different time points

MDCK and A549 cells in 12-well plates were infected with H10 subtype
AlVs at an MOI of 1 and maintained in DMEM containing 0.25 pg/mL
TPCK-trypsin and 0.2% BSA. Cell samples were collected at 3, 6, 9, and 12
hpi. The expression of HA and NP protein was determined by Western
blotting. Briefly, cell lysates were prepared from infected cells using cell
lysis buffer, heated at 100 °C for 10 min, and separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. After electrophoresis,
protein samples were electroblotted onto nitrocellulose filter (NC) mem-
branes (Millipore) and blocked for 2 h in phosphate-buffered saline (PBS)
containing 5% (w/v) non-fat dry milk. The membranes were incubated
with the primary antibodies overnight at 4 °C, followed by incubation with
corresponding horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for 1 h at room temperature. The presence of HRP was detected by
using a Western Lightning chemiluminescence kit (Beyotime) according to
the manufacturer's protocol. Anti-H10N3 IAV HA antibody (11693-RP01)
was purchased from Sino Biological. Anti-IAV NP antibody (11675-R707)
was purchased from Sino Biological. Anti-GAPDH antibody (60004-1-Ig)
was purchased from Proteintech.

2.10. Mouse experiment

First, the 50% egg infection dose (EIDsg) values of the three H10
influenza viruses in 10-day-old normal chicken embryos were deter-
mined using the Reed-Muench method. Six-week-old female BALB/c
mice (Dean Genetic Technologies Ltd., Guangzhou, China) were intra-
nasally inoculated with 50 pL of 10° EIDs of each virus diluted in DMEM,
and six mice from each group were monitored daily for 14 days to record
the body weight and clinical signs. The mice that lost more than 25% of
their original body weight were humanely euthanized. Three mice from
each group were euthanized at day 4 post-infection (dpi) for virus
titration and histology. Lungs, brains, and nasal turbinate were collected
and homogenized in cold PBS. Viral titers were determined by EIDs
assays (Kong et al., 2021). In addition, lungs were collected at 4 dpi, fixed
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with tissue fixation for 48 h, and paraffin sections were performed to
observe histopathological changes of the lungs. After dewaxing and hy-
dration, the slides were stained with hematoxylin and eosin (H&E)
(Feldman and Wolfe, 2014).

2.11. Quantification and statistical analysis

All statistical analyses were performed using GraphPad Prism
(v8.0.2). Data are presented as the mean =+ the standard errors of means
(SEMs). One-way and two-way ANOVA were used to compare the dif-
ferences between different groups. Statistical significance was indicated
as: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

3. Results
3.1. Evolution of HION3 avian influenza viruses

To elucidate the distribution and evolution of H10 subtype influ-
enza viruses, we performed a phylogenetic analysis of global H10
subtype influenza viruses based on HA gene. Our findings indicate
that H10 subtype influenza viruses can be divided into two lineages,
including North American lineage and Eurasian lineage. We found
that wild birds are the main hosts of H10 subtype AIVs. In addition,
the number of H1ON3 viruses increased during 2021-2023, and
H10N3 influenza viruses occurred in North America and Eurasia
(Fig. 1A), indicating that H1ON3 viruses had been dominant in recent
years.

Two strains of the H1ON3 subtype AIVs were gisolated in tracheal
samples of chicken from the Shandong Province of China, which were
designated as A/chicken/Shandong/0101/2022 (H10N3) (hereafter
0101/H10N3) and A/chicken/Shandong/0603/2022 (H10N3) (here-
after 0603/H10N3), respectively. We found that the HA and NA genes of
the two H10ON3 subtype AIVs were closely related to human-origin
H10NS3 isolate A/Jiangsu/428/2021 (H10N3) (Fig. 1B and C). Howev-
er, the internal genes of H1ON3 viruses were more complex. Phylogenetic
analysis of internal genes showed that all internal genes (PB2, PB1, PA,
NP, M, NS) of HION3 AIVs were closely related to HON2 subtype AIVs
(Supplementary Fig. S1). Notably, except for the surface genes (HA, NA),
the PB2, M and NS genomes of H10N3 isolates did not cluster together
with the human-origin H10N3 viruses (Supplementary Fig. S1), sug-
gesting that HION3 viruses continuously evolved in 2022 and were un-
dergoing reassortment with local HON2 viruses.

In addition, we analyzed the geographic distribution of H10 subtype
influenza viruses in China. We found that HION3 subtype viruses were
mainly distributed in Jiangxi, Jiangsu, and Zhejiang (Supplementary
Fig. S2A), while HIONS8 subtype viruses were primarily distributed in
Jiangxi (Fig. 1D), indicating that H10 subtype influenza viruses were
widespread in eastern China. To investigate the genetic characteristics of
two avian-origin HION3 viruses, nucleotide homology analysis of the
complete coding sequence of each gene fragment was performed using
the Cluster Omega online website. Genomic analysis showed that both
avian isolates had seven gene sequences with >95% homology at the
nucleotide level when compared to A/Jiangsu/428/2021 (H10N3) iso-
lated from the human patient, indicating that several genes of the two
avian-origin H10N3 isolates had high homology with human-origin
isolates (Table 1).

We then analyzed influenza viruses with the highest nucleotide ho-
mology to the two H10N3 isolates in the NCBI. BLAST search results
showed that the HA and NA genes of two avian-origin HION3 isolates
were related to the avian-origin HION3 subtype. The majority of the
internal genes were derived from HIN2 (Table 2). It has been reported
that internal genes derived from HIN2 viruses are critical in the cross-
species transmission of AIVs to humans (Gu et al., 2017). As shown in
Table 2, both viruses had 98.07%-99.56% nucleotide homology
compared to sequences from NCBI for all eight genes.
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segments used IQ-TREE to construct an ML phylogenetic tree, in which the HKY nucleotide substitution model was selected, and the operation was repeated 1000
times. B Phylogenetic clustering of ML tree of HA gene of H10N3 viruses. C Phylogenetic clustering of ML tree of NA gene of HION3 viruses. D The geographic
distribution of H10 subtype viruses in China. The size of the pie chart represents the number of H10 subtypes in China, and different colors represent H10 subtypes
with different NA genes. Data were obtained from the Epiflu database of GISAID. The A/chicken/Jiangxi/102/2013/H10N8 virus is labeled in Fig. 1A.

Table 1
Comparative analysis of the nucleotide sequence homology of two avian-origin HION3 viruses and one human-origin H10N3 virus.
Strain Nucleotide identify (%)
HA NA PB2 PB1 PA NP M NS
A/Jiangsu/428/2021 100 100 100 100 100 100 100 100
A/chicken/Shandong/0101/2022 98.7 99.01 95.35 97.14 94.65 98.73 97.89 96.64
A/chicken/Shandong/0603/2022 98.7 98.79 95.31 97.19 94.75 98.73 97.89 96.94

PB, basic polymerase; PA, acidic polymerase; HA, hemagglutinin; NP, nucleoprotein;

3.2. Mutations in residues 222 and 228 within the 220-loop of the receptor
binding region of H10N3 viruses

During transmission, viruses have the potential to produce new viruses
that are more infectious and pathogenic through genetic recombination and

mutation. The important adaptive mutations in these two H10N3 isolates
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NA, neuraminidase; M, matrix protein; NS, nonstructural protein.

were analyzed (Table 3). Mutations in the polymerase complexes (PB1, PB2
and PA) of AlVs are necessary for viral adaptation to new hosts. The two
H10N3 isolates contain the [292V and A588V mutations in PB2, which may
increase polymerase activity and virulence in mice (Suttie et al., 2019).
Both H1I0ON3 isolates have an 1368V mutation in PB1, which also enhances
polymerase activity and virulence in mammals (Guo et al., 2022). We also
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Influenza viruses with the highest nucleotide identity to each gene of these two H10N3 viruses isolated in this study.

Gene segment Highly homologous strains in GenBank

Homology (%)

0101/HI0N3 0603/H10N3
PB2 MKO053853.1:A/chicken/Shanghai/06,/2018(HIN2) 98.11% 98.07%
PB1 0OL636798.1:A/chicken/China/146-2/2021(H10N3) 99.47% 99.56%
PA OMO055793.1:A/chicken/Shandong/303/2021(H9N2) 99.26% 99.30%
HA 0OL636800.1:A/chicken/China/146-4/2021(H10N3) 98.93% 98.93%
NP ON368084.1:A/chicken/China/2088/2020(HIN2) 99.20% 99.20%
NA 0OL638128.1:A/chicken/China/189-6/2021(H10N3) 99.36% 99.15%
M MW100642.1:A/chicken/Hunan/6.27_YYGK36S2-0C/2017(HIN2) 99.19% 99.19%
NS MH667576.1:A/chicken/Shandong/3424/2016(HIN2) 98.21% 98.45%

PB, basic polymerase; PA, acidic polymerase; HA, hemagglutinin; NP, nucleoprotein; NA, neuraminidase; M, matrix protein; NS, nonstructural protein. 0101/HI10N3, A/
chicken/Shandong/0101,/2022; 0603/H10N3, A/chicken/Shandong/0603/2022.

Table 3
Adaptive mutations of H10N3 viruses were used in this study.
Protein Mutation Function 0101 0603 0428
HA Q222R Unknown R R R
(H3 numbering) G228S Increased virus binding to a2-6 S G S
Q226L Increased virus binding to a2-6 Q Q Q
Cleavage site Only one basic amino acid at the HA cleavage site, which is a characteristic PEIIQGRG PEIIQGRG PEIIQGRG
of low-pathogenicity AIV in chicken
PB2 E627K Mammalian adaptive markers E E E
D701N D D D
1292V \% \Y% v
A588V v v v
PB1 1368V Improved the polymerase activity and virulence in mammals \ \Y A%
S375N S S N
PA A343S Increased the replication of viruses in mammalian cells and pathogenicity in mice A A S
K356R R R R
N409S N N N
M1 N30D Increased virulence in mice D D D
T215A A A A
M2 S31IN Resistance to adamantanes N N N

Specific references are in the Supplementary Table S1. 0101, A/chicken/Shandong/0101,/2022; 0603, A/chicken/Shandong/0603/2022; 0428, A/Jiangsu/0428/2021.

identified K356R mutation in PA, which may increase viral replication in
mammalian cells and pathogenicity in mice (Xu et al., 2016). Both HION3
AIVs have N30D and T215A mutations in M1, which are associated with
increased virulence in mice (Fan et al., 2009). Two H10N3 viruses have the
S31N mutation in M2, a change that would confer resistance to ada-
mantanes in influenza viruses (Cheung et al., 2006). In conclusion, these
data suggest that HION3 viruses contain multiple mammalian adaptive
mutations and may pose an increased threat to human health.

One of the key factors in the interspecies transmission of influenza A
viruses is a shift in viral receptor binding specificity, which is largely
determined by mutations in viral hemagglutinin (Shi et al., 2014). Amino
acid substitutions in HA are major determinants of preferential targeting of
human receptors. Here, we downloaded the HA genes of HION3 AlIVs in
China from the GISAID database and analyzed the amino acid conservation
in the 220-loop of the receptor binding site of HION3 AIVs. We found that
amino acids in loop 220 (amino acid position 221-228) of the HA
receptor-binding region of H10N3 viruses isolated in China were conserved
until 2018. However, amino acids at 222 and 228 sites were more diverse
from 2019 to 2023 (Fig. 2A). In HION3 isolates, the HA gene of
0101/H10N3 virus harbors Q222R and G228S double mutations. A previ-
ous study demonstrated that G228S substitution may increase the binding
affinity of the virus to the human receptor and decrease the binding affinity
to the avian receptor. Influenza viruses bearing HA Q222R and G228S
double mutations have dual receptor binding properties and increased
pathogenicity in mice (Zhang Y.C. et al., 2023), indicating that the HION3
avian influenza virus poses a continuing threat to human health. We found
that the amino acid 222 site was mainly prevalent amino acid Q before
2019, while the proportion of amino acid R gradually increased after 2018.
Amino acid 228 was predominantly prevalent in amino acid G until 2018,
while the proportion of amino acid S gradually increased after 2018
(Fig. 2B), indicating that the dominant shift of receptor binding regions in

the HA gene of H10N3 viruses occurred after 2018. We analyzed the HA
gene's 222 and 228 sites among AIVs of the H10 subtype worldwide. Our
findings indicate that regular mutations at these two sites were observed
only in HION3 viruses isolated in China. Since the isolation of the novel
H10N3 virus in 2019, these novel HION3 viruses (n = 29) were initially
isolated in Jiangsu and concentrated in Jiangsu (n = 15) and Zhejiang (n =
5) provinces (Supplementary Fig. S2B).

3.3. Plaque assay of HION3 subtype avian influenza viruses

The plaque phenotypes of two avian-origin H10N3 isolates (0101/
H10N3 and 0603/H10N3) and H10N8 virus (102/H10N8) kept in our
laboratory were analyzed using a standard plaque assay on MDCK cells
(Fig. 3A). There was no significant difference in plaque diameters be-
tween 0101/H10N3 and 0603/H10N3 viruses. However, the plaque di-
ameters of the two H10N3 viruses were slightly larger than those of the
H10N8 virus (Fig. 3B). This suggests that the aggressive ability of HION3
viruses is slightly higher than that of H10ON8 virus.

3.4. Thermostability and elution of H10N3 subtype avian influenza viruses

The stability of the HA protein is a critical factor in determining the
host range, transmissibility, and pandemic potential of influenza viruses
(Russell et al., 2018). To test the thermostability of HA protein, 64
hemagglutinating units (HAUs) of each virus were incubated at a tem-
perature of 55 °C for 5 h, during which the HA titers were measured
every hour. The results showed that the thermostability of 0101/H10N3
virus was similar to that of 0603/H10N3 virus. However, the
102/H10N8 virus was completely inactivated within 15 min (Fig. 3C).
This indicates that HION3 viruses were more thermally stable than the
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H10N8 virus, which was very poorly thermally stable. The high tem-
perature was not conducive to the survival of the H10NS8 virus.

HA-NA functional balance is crucial for AIV growth, pathogenicity,
and host range. The viral release assay can demonstrate this balance,
which involves the receptor binding activity for HA and receptor
disruption activity for NA (Sekine et al., 2022). We compared the elution
0of 0101/H10N3, 0603/H10N3 and 102/H10N8. The results showed that
0101/H10N3 virus was completely eluted from chicken erythrocytes
after 9 h incubation, while 0603/H10N3 virus was only partially eluted
after 3 h incubation. Both the 0603/H10N3 and 102/H10N8 viruses
remained incompletely eluted from erythrocytes until 10 h (Fig. 3D). In
conclusion, the results indicate differences in the virus release ability of
these three viruses. The 0101/H10N3 virus exhibits slightly more effi-
cient elution than the 102/H10NS8 virus, while the 0603/H10N3 virus
showed weaker elution ability (Fig. 3D).

3.5. Replication of H10N3 subtype avian influenza viruses in mammalian cells

To assess the replication ability of H10 subtype AIV in mammalian cells,
MDCK cells were infected with H10 subtype AIV with an MOI of 0.001 for
12, 24, 36, 48 and 60 hpi. The supernatants were collected, and viral titers
were determined by TCIDs assays on MDCK cells. We found that only at 36
hpi, the viral titer of 0101/H10N3 was slightly higher than that of 102/
H10NB8. Viral titers of the three viruses could not be measured until 12 hpi
(Fig. 3E), indicating poor replication of the three viruses in MDCK cells. In
addition, viral protein expression in MDCK and A549 cells infected with
H10 subtype virus was analyzed at 3, 6, 9 and 12 hpi. At each time point, the
HA protein expression of 0101/H10N3 virus was higher than that of 0603/
H10N3 and 102/H10N8 viruses (Fig. 3F). In addition, no viral protein was
detectable in A549 cells at 3 hpi (Fig. 3G). These findings suggest that
0101/H10NS3 viruses are more dominant in early viral expression.

3.6. Pathogenicity of HION3 and H10N8 isolates in mice
To compare the pathogenicity of the HION3 and H10N8 viruses in

mammals, BALB/c mice were inoculated intranasally with each virus at a
dose of 10° EIDs. Mice were then observed over 14 days to assess clinical

signs, weight loss and survival rates. The body weights of all infected
mice reached their lowest point on day 8 post-infection (Fig. 4A). There
were no significant clinical signs of disease or mortality. To further
investigate the replication capacity of the three isolates in mouse organs,
three BALB/c mice from each group were euthanized on day 4 post-
infection. Subsequently, the viral titers in the lungs, nasal turbinate,
and brains of mice were determined. All three viruses could replicate
efficiently in the lungs of the mice, with no significant difference in
replication titers (Fig. 4B). However, 102/H10N8 virus was undetectable
in the nasal turbinates of mice, suggesting inefficient replication in this
tissue (Fig. 4C). Surprisingly, the 0101/H10N3 and 0603/H10N3 viruses
were undetectable in the brain tissues of mice, whereas the 102/H10N8
virus was detected in the brain tissue of a single mouse (Fig. 4D). The
findings indicate that the HION3 virus is not a neurotropic virus.

To investigate pathological changes in the lung tissue of mice infected
with three H10 influenza viruses, an H&E staining assay was performed. Mice
infected with 0101/H10N3 virus developed granulocytic infiltration in the
walls of the extra alveoli, accompanied by mild thickening of alveolar walls
and septa widening. Mice infected with the 0603/H10N3 virus also exhibited
symptoms such as mild fine bronchial mucosal epithelial cell detachment,
slight lymphocytic infiltration, and mild perivascular hemorrhage. Mice
infected with 102/H10N8 virus exhibited localized hemorrhage in the lungs,
characterized by the presence of erythrocytes around blood vessels and slight
infiltrations of granulocytes and lymphocytes (Fig. 4E). Pathological studies
revealed that mice infected with either the 0603/H10N3 or 102/H10N8 virus
exhibited slightly more pronounced interstitial pneumonia and associated
symptoms, whereas the 0101/H10N3-infected group displayed mild lesions.
In summary, the mice experiments showed no significant weight loss in mice
infected with the H10N3 or H10N8 viruses. Mice infected with 0101/H10N3
virus exhibited the least significant weight loss and mild lung lesions.
Furthermore, the H10N3 viruses exhibited efficient replication in the lungs
and nasal turbinates of mice, in contrast to the H10ON8 virus.

4. Discussion

The H10 subtype AlVs are primarily found in wild waterfowl, but can
also infect a wide range of poultry and mammals (Wu et al., 2019).



S. Ding et al.

Virologica Sinica 39 (2024) 546-555

A B *
1.5
0101/H10N3 0603/H10N3 102/H10N8 ®
£
E 4 0-
5 ! e
@ ] &
5 i A
hel En%nz
o 0.5+ ® A
g_ ® ® £33 N PA
» 3 . © I
A\ Fog > o A A
_Aa -
- 0.0 T T T
0101/H10N3  0603/H10N3  102/H10N8
c D Eluti E MDCK
ili ution assa
Thermo stabilty __  o101/m10n3 Y o 0101HIONS = 0101/H10N3
8 —+- 0603/H10N3 150m -4~ 0603/H10N3 ~+- 0603/H10N3
- —4 102/H10N8 - 102H1ONS 2 107 = 102/H10N8
< bl Fkk dkkk b <
(=) o 0O 8-
3 & 1004 b ke bk 8
s pod P
g % "]
hod & T L
£ sof N v
T gy, f 2+
**L—I-i** ——s i W g
0 i i " 0 0 T 2 4 >0 ¥ T T T T
0 1 2 3 4 5 0 5 10 12 24 3 48 60
Incubation at 55°C (h) Incubation at 37°C (h) Hours post-infection (h)
F MDCK G A549
3h 6h 9h 12h 3h 6h 9h 12h
O O 9 P Ve I PO IR O 0 9o DX DL e DD
S S S S S S S N S S N S S S S S S N SIS N
SOOI SO S SN XX RIS
FHFF NP KL L &F S S P A RSN
PR TS P E RPN EYHEFES
HA|— -a—-—-—----| HA | —--—....--|
NP |— L — e — | NP | |
GAPDH |----—---—-——| GAPDH| |

HA/GAPDH 046 0.21 024 1.21 0.61 099 1.54 1.16 1.07 2.35 1.82 185

HA/GAPDH 00 00 00 095 056 081 187 141 158 217 167 178
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protein expression was calculated according to the equation HA/GAPDH. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Occasional human infections with H10 subtype viruses have been re-
ported. In 2010, multiple cases of HION7 infection were reported in
Australia (Arzey et al., 2012). In 2013, the first human case of H10N8
infection resulting in human death was reported in China (Chen et al.,
2014). Recently, WHO (https://www.who.int/) reported human in-
fections with H1ION3 and H10NS5. Therefore, H10 subtype AIVs pose
threats to both avian and human health.

A recent study by Gao et al. revealed that the H10N3 influenza virus
infecting humans originated from avian-origin H1ON3 viruses. The virus
has formed a distinct sublineage, significantly differing from other H10
viruses and posing a potential threat to public health (Gao et al., 2021).
From 2011 to 2015, H10N8 viruses were the predominant subtype of H10
viruses in China. However, the dominant subtype switch from H10N8 to
H10N3 occurred between 2016 and 2021 (Zhang et al., 2021). In
December 2019, two H10N3 viruses were isolated from chickens during

routine AIV surveillance in eastern China. These viruses exhibited high
pathogenicity in mice and were capable of effective aerosol transmission in
guinea pigs (Guo et al., 2022; Liu et al., 2022). In particular, these novel
H10NS3 viruses are preferred to both avian and human receptors (Liu et al.,
2022), suggesting that HION3 viruses pose an increasing risk of infecting
humans. Although the H10N3 viruses isolated in this study did not result in
significant weight loss or mortality in mice, they can replicate effectively in
the lungs and induce lung lesions. Additionally, the two avian-origin iso-
lates shared high nucleotide sequence homology with the human-origin
isolate (A/Jiangsu/428/2021) and had mutations with mammalian
adaptation (Tables 1 and 2). Based on these findings, it is evident that the
potential threat posed by the HION3 influenza virus to humans cannot be
overlooked.

The altered receptor binding specificity of influenza viruses is a key
factor in interspecies transmission, which is largely determined by
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mutations in viral hemagglutinin. Previous studies have demonstrated
that amino acids 225 and 190 of HA glycoproteins play a significant role
in receptor binding specificity (Xu et al., 2012). The Q226L and G228S
substitutions in the HA glycoprotein have the potential to modify the
binding preference from the avian receptor to the human receptor
(Matrosovich et al., 2000). The Q226L substitution resulted in a shift in
binding preference from the avian to the human receptor (Lu et al.,
2013). Furthermore, amino acid mutations at positions 186 and 226 of
HA glycoprotein enhance binding affinity towards the human receptor
(Shi et al., 2013). Here, we found that the continuous evolution of H10N3
viruses occurred in China in recent years, and the proportions of H10N3
viruses harboring the Q222R and G228S mutations in the HA protein
increased. Zhang et al. reported that their H1ON3 isolates carrying HA
Q222R and G228S mutations, exhibited dual receptor-binding proper-
ties. Notably, certain isolates had a higher affinity for the human-type
receptor compared to the avian-type receptor. This enhanced pathoge-
nicity in mice suggests that these isolates have adapted to mammals
(Zhang Y.C. et al., 2023). The functional roles of HA Q222R and G228S
double mutations remain elusive and warrant further exploration.

We conducted a comprehensive biological investigation on H10N3
viruses isolated in China, including assessments of replicative capacity,
thermal stability, virus release from erythrocytes, and HA protein accu-
mulation. The stability of HA plays a crucial role in determining the
influenza virus's adaptability and transmissibility across different species.

Mutations in amino acid residues can affect HA stability, thus necessi-
tating phenotypic assays for surveillance studies (Russell et al., 2018).
Our research reveals that the 0101 /H10N3 virus exhibits greater stability
at high temperatures and expresses higher levels of HA protein compared
to the 102/H10N8 virus. Conversely, the 102/H10N8 virus exhibits
inferior characteristics in some respects, highlighting the ongoing evo-
lution of H10N3 viruses and posing potential threats to public health
security. Researchers have analyzed the binding affinity of H1ON3 virus
for avian and human-type receptors by using two different glycans (« 2,
6-siaylglycopolymer and a 2,3-siaylglycopolymer). The results showed
that H10ON3 has an affinity for both avian (SAa-2,3-Gal) and human
(SAa-2,6-Gal) receptors (Zhang Y.C. et al., 2023). Liu et al. plotted the
growth curves of H10N3 viruses on different cell types and observed
significantly higher replication titers in MDCK and A549 cells compared
to CEF cells (Liu et al., 2022), suggesting that better replication of the
H10NS3 viruses in mammalian-origin cells than in avian-origin cells.

5. Conclusion

In summary, we performed a phylogenetic analysis of the HA genes of
global H10 subtype influenza viruses and analyzed the geographic dis-
tribution of H10 viruses in China. The results indicated that the number
of H10N3 viruses increased during 2021-2023, and H10N3 viruses iso-
lated in China are mainly concentrated in Jiangxi Province, Jiangsu
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Province, and Zhejiang Province. However, Jiangsu Province had the
highest number of novel HION3 viruses isolated. We also found that
recently isolated H10N3 viruses from China had a double mutation
Q222R and G228S in loop 220 of the HA receptor binding region. In
addition, we explored the biological properties of the H1ON3 influenza
viruses. Compared to H1ON8, we found that H10N3 viruses were slightly
more dominant. To some extent, HION3 viruses exhibit increased heat
stability, accelerated release of the virus from erythrocytes, increased
accumulation of HA protein, and the ability to replicate efficiently in
mice's lungs and nasal turbinate. Therefore, comprehensive influenza
surveillance and control measures should be conducted to minimize the
potential spread of influenza viruses in the future.
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