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Background: Since the first human infection with HON2 virus was reported in 1998, the number of cases of
HON2 infection has exceeded one hundred by 2021. However, there is no systematic description of the biological
characteristics of HON2 viruses isolated from humans.

Methods: Therefore, this study analyzed the pathogenicity in mice of all available HIN2 viruses isolated from
human cases in China from 2013 to 2021.

Results: Although most of the HIN2 viruses analyzed showed low or no pathogenicity in mice, the leucine to
glutamine substitution at residue 226 (L226Q) in the hemagglutinin (HA) protein rapidly emerged during the
adaptation of HIN2 viruses, and was responsible for severe infections and even fatalities. HA amino acid 226Q
conferred a remarkable competitive advantage on HON2 viruses in mice relative to viruses containing 226L,
increasing their virulence, infectivity, and replication.

Conclusion: Thus, our study demonstrates that the adaptive substitution HA L226Q rapidly acquired by HON2

viruses during the course of infection in mice contributed to their high pathogenicity.

1. Introduction

Avian influenza is an infectious disease that affects a
variety of hosts, including birds, mammals, and humans
[1]. Avian influenza virus (AIV) can be divided into 2
types based on differences in its pathogenicity in chick-
ens: low pathogenic avian influenza virus (LPAIV) and
highly pathogenic avian influenza virus [2]. Among all
of the LPAIV subtypes, the HON2 subtype is the most
prevalent in poultry in China [2,3].

HON2 AIV was first detected in turkeys in Wisconsin,
USA, in 1966 [4]. It can be divided into North American
and Eurasian lineages according to differences in the
hemagglutinin (HA) gene. The Eurasian lineage mainly
comprises BJ/94-like, Y439-like, Y280-like, and G1-like
strains. HON2 virus was isolated for the first time in
China in 1994, in a chicken flock in Guangzhou, and
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then gradually adapted to poultry, ultimately becom-
ing a dominant subtype in mainland China [2]. By the
early 21st century [5], the HON2 virus had generated
a large number of genotypes through frequent genetic
reassortment. During 1994 and 2013, Li et al. identified
117 HIN2 genotypes in China, with G57 genotype as the
dominant genotype in 2013 [5,6]. The G57 genotype has
provided the internal genes for several reassortant AIV
subtypes, including H3N8, H7N9, and H10N8, which
have been reported to infect humans [7-9].

HI9N2 virus in poultry can directly infect humans. The
first human case of HON2 avian influenza was identified
in 1998 [10], and cases of human H9N2 viral infection
have been reported continuously since [11]. HON2 AIV is
endemic in China, where it has caused the highest num-
ber of human H9N2 infections worldwide. More than 100
cases of human HON2 infection were reported by the end
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of 2021 globally [12]. However, a systematic description
of the biological characteristics of HON2 viruses isolated
from humans is still lacking in the literature. To identify
the features of HON2 viruses from human cases and the
changes over time, we investigated the pathogenicity of
the HIN2 viruses isolated during 2013-2021 in China.
The biological features and potential pathogenic mecha-
nisms of these viruses were also comprehensively exam-
ined.

2. Methods
2.1. Ethics statement

All animal protocols were approved by the Ethics Com-
mittee of the National Institute for Viral Disease Con-
trol and Prevention, China Center for Disease Control and
Prevention (CDC; 20210512037). All experiments involv-
ing live HIN2 viruses and animals were performed in
biosafety level 2 (BSL2) facilities.

2.2. Cells and viruses

MDCK, DF1, and A549 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco) con-
taining 10% fetal bovine serum (Gibco), 1.5% HEPES
(10 mM; Gibco), and 1% penicillin-streptomycin (100
units/mL; Gibco). Forty-three human HIN2 AlIVs were
isolated between 2013 and 2021, and were amplified
in 9-10-day-old specific-pathogen-free (SPF) chicken em-
bryos (Boehringer Ingelheim). After incubation at 37°C
for 48 h, the allantoic fluid of the virus-infected embry-
onated eggs was collected and stored at —80°C until use.
The virus was titrated in MDCK cells to determine the 50%
tissue culture infectious dose (TCIDgy) with the Reed-
Miinch method.

2.3. Virus sequencing

In this study, we used the Illumina next-generation se-
quencing (NGS) technology (Illumina Inc.) to sequence
and analyze the HIN2 influenza viruses [13-15]. Vi-
ral RNA was extracted from the viruses with the Mag-
MAX CORE Nucleic Acid Purification Kit (Thermo Fisher
Scientific). The extracted RNA was reverse transcribed
to ¢cDNA, and PCR amplification was performed with
the SuperScript III One-Step RT-PCR System (Thermo
Fisher Scientific) with primers targeting the influenza
virus genome. The resulting amplicons were purified and
subjected to NGS on the MiSeq platform (Illumina). The
raw sequencing data were preprocessed to remove low-
quality reads, adapter sequences, and contaminants. The
remaining high-quality reads were assembled de novo
with multiple software tools, including Velvet (version
1.2.10) and Newbler (version 2.5). All AIV contigs ob-
tained were subjected to quality control and analyzed
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for sequence similarity and genetic variation against the
GISAID (http://www.gisaid.org). The influenza virus se-
quences with greatest similarity were selected as refer-
ences against which the reads were mapped with Bowtie
2 (version 2.1.0). The influenza A virus genome sequences
were obtained by extracting consensus sequences from
the mapping results. Each site on the 8 genomic segments
had a coverage depth of at least 30 x.

2.4. Recombinant plasmid construction and virus rescue

Synthesized gene fragments of HIN2 viruses from
human cases were recombined with the bidirectional
pHW2000 vector to form recombinant plasmids. The
leucine to glutamine substitution at residue 226 (L226Q)
was introduced into the HA gene in each strain with the
Q5 Site-Directed Mutagenesis Kit (New England Biolabs),
according to the manufacturer’s instructions. MDCK and
293T cells were transfected with 8 recombinant reverse-
genetic plasmids of influenza virus. After 24 h, 9-day-old
SPF chicken embryos or MDCK cells were inoculated with
the cell supernatants containing the recombinant viruses
and incubated at 37°C for 48 h. All reassortant viruses
were verified with Illumina NGS.

2.5. Growth properties in vitro

To test viral replication in vitro, monolayers of MDCK,
DF1, and A549 cells were washed 3 times with phosphate-
buffered saline (PBS) and inoculated with viruses at
a multiplicity of infection (MOI) of 0.001. After viral
adsorption for 1 h, the viral inoculum was removed
and DMEM containing 2 mg/mL TPCK trypsin (Sigma-
Aldrich) was added to the cell culture dishes. The cell su-
pernatants were collected after 0, 6, 12, 24, 36, 48, 60,
and 72 h. The viral titers in the supernatants were deter-
mined in MDCK cells.

2.6. In vivo experiments in mice

Eight-week-old SPF female C57BL/6J mice, from Bei-
jing Vital River Laboratory Animal Technology Co., Ltd,
were used to assess the pathogenicity of the HON2 AIVs. In
all experiments, the mice were infected with specific titers
(in a volume of 50 uL) of HIN2 virus (n = 5 per group)
in nasal drops after respiratory sedation (with isoflurane).
Drops (50 pL) of PBS were used as the controls. The body-
weight and survival of the mice were monitored daily for
14 days. Mice that lost 25% of their bodyweight were hu-
manely euthanized.

Serum samples from the surviving mice were collected
at 14 days postinfection (dpi), treated with receptor-
disrupting enzyme (Denka Seiken) for 16-18 h at 37°C,
and inactivated at 56°C for 30 min. The treated serum
samples were tested for their HA-inhibiting (HI) antibody
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titers with 0.5% (vol/vol) turkey erythrocytes. HI titers
>10 were considered antibody-positive [16]. The Karber
method was used to calculate the 50% median lethal dose
(MLDsy) [17,18].

We tested the viral loads of the nasal clip, trachea, and
lung at 1, 3, and 5 dpi, and those of the kidney, heart,
brain, liver, and small intestine at 5 dpi (n = 3 per group).
The organs were collected and homogenized in 1 mL of
PBS containing antibiotics, and the viral titers of these
tissues were determined using MDCK cells [19].

2.7. Histopathology and immunohistochemistry

At 1, 3, and 5 dpi, the right upper lung lobes of the mice
(n = 3 per group) were fixed in 10% formalin, embedded
in paraffin, and cut into 3-5 mm thick sections. The sec-
tions were stained with hematoxylin and eosin (HE) and
observed under a light microscope.

The mouse lung tissue sections were immunohisto-
chemically stained. The pretreated dewaxed tissues were
treated with 0.1 M citrate buffer (pH 6.0) for antigen
retrieval. The processed tissue sections were immunos-
tained for viral nucleoprotein (NP) with a primary mon-
oclonal anti-influenza A virus NP antibody (ab20841,
Abcam, Cambridge, UK) with incubation overnight at
4°C. The tissue sections were then incubated with a
horseradish peroxidase (HRP)-conjugated rabbit antigoat
IgG (H&L) secondary antibody (ZB-2306, ZSGB-BIO, Bei-
jing, China) for 60 min at room temperature, while pro-
tected from the light. Finally, the nuclei were stained with
4’,6-diamidino-2-phenylindole (DAPI) and the tissue sec-
tions were sealed and observed under microscopy.

2.8. Quantitative real-time PCR to determine cytokine and
chemokine expression

To investigate the differences in the mRNA expres-
sion of immune factors in mice after viral infection,
we extracted the total RNA from mouse lung tissue ho-
mogenates with a Nucleic Acid Extraction System (IAN-
LONG), according to the manufacturer’s instructions. The
RNA was reverse transcribed to cDNA with a Prime
Script RT reagent Kit with gDNA Eraser (Takara, Cat no.
RR047A). The 222t method was used to calculate the ex-
pression of each gene relative to that of Gapdh. Each ex-
periment included 3 technical replicates for each sample
and 3 experimental replicates.

2.9. Direct receptor-binding analysis

The receptor preference of each virus was deter-
mined with a solid-phase direct binding assay, as de-
scribed previously [20], with minor modifications. We
used 2 different synthetic sialylglycopolymers contain-
ing either «2,3-linked sialic acid (Neu5Aca2-3Galbl-
4GlcNAcb-SpNH-PAA, 3’-SLN) or «2,6-linked sialic acid
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(Neu5Aca2-6Galb1-4GlcNAcb-SpNH-PAA, 6’-SLN) (Glyco
Tech Corporation). The 2 synthetic sialyglycopolymers
(3’-SLN and 6’-SLN) were diluted 2-fold with PBS and
added to clear microtiter plates (Costar 3590). The mi-
croplates were incubated overnight at 4°C and then ex-
posed to ultraviolet light (254 nm) for 10 min. After
the glycopolymer solution was removed, the plates were
washed 3 times with ice-cold PBST (PBS containing 0.1%
Tween 20), inoculated with 64 HA units of HON2 virus,
and incubated overnight at 4°C. The plates were washed 5
times with PBST and then incubated for 1 h at 37°C with
a monoclonal antibody directed against the HA of the
Flu/A/NP antibody (Zoonogen). The plates were washed
5 times with PBST, and incubated for 1 h at 37°C with
an HRP-conjugated goat antihuman IgG antibody (ZSGB-
BIO). After 5 more washes, the plates were incubated
with tetramethylbenzidine (Sigma Aldrich), the activity
of which was stopped with 0.2 M H,SO,. The optical den-
sity of each sample at 450 nm was measured in duplicate
with an Epoch Microplate Spectrophotometer (BioTek).
The H5N1 virus (RG-A/Anhui/1/2005) was used as the
binding control.

2.10. Statistical analyses

All statistical analyses were performed with the Graph-
Pad Prism version 9.0 software (GraphPad software Inc.).
Statistical significance was determined with the Student’s
t test and p < 0.05 was considered statistically significant.

3. Results

3.1. Divergent pathogenicity profiles of HIN2 viruses in
mice

We inoculated mice with 43 HION2 viruses isolated
from infected humans to investigate viral pathogenicity
(Table S1, S2). After infection with 107 TCIDs, of the
HON2 viruses, the bodyweights of most mice did not
change significantly over the following 14 days (Fig. S1),
with the exception of mice infected with strain A/Hubei-
songzi/1631/2019 (HB-1631), A/Hunan/11173/2020
(HN-11173), or A/Guangdong/00470,/2021 (GD-00470),
which showed significant bodyweight losses. For GD-
00470, 3 of 5 mice lost more than 25% of their body-
weight at 8 or 9 dpi, whereas the other 2 mice showed
a weight loss of <25% and gradually recovered (Fig. S1).
HN-11173 caused bodyweight losses of <20% in 4 mice
and a loss of >25% in 1 mouse at 5-10 dpi (Fig. S1). The
mice infected with HB-1631 displayed significant weight
loss at 4 dpi, and all died at 6 dpi (Fig. S1).

3.2. L226Q substitution in HA protein

Sequence analysis was performed to investigate the
mechanism underlying the higher pathogenicity of HB-
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Fig. 1. Mutational trends at HA residue 226 in wild virus and rescued viruses. Twelve mice were infected with 105 TCID50 of wild-type (wt) HB-1631 (A), RG
HB-1631 (B), and RG HB-1631-cell virus (C). Lung tissues from 3 mice per group were collected on 1, 3, 5, and 7 dpi for subsequent sequencing analysis. Lung
homogenates from the 3 mice sampled on day 3 were used to infect another batch of mice to investigate viral propagation in vivo.

1631, HN-11173, and GD-00470. A critical pathogenic
molecular marker, the E/K627K substitution in the poly-
merase basic 2 (PB2) gene, was identified in the lung tis-
sues of mice infected with GD-00470. However, no adap-
tive mutations were observed in the lung tissues of mice
infected with HN-11173. After comparing the sequences
of wild-type (wt) HB-1631 virus and virus sequences from
the lung tissue of mice infected with wt HB-1631, we
identified the substitution L226Q (H3 numbering) in the
HA protein sequences. Deep sequencing showed that the
proportion of reads containing Q at residue 226 of HA
increased during the HB-1631 infection process in mice
(Fig. 1A), occurring in 61% + 4%, 94% + 1%, and 95%
+ 1% of reads at 1, 3, and 5 dpi, respectively (Table S3).
Whereas for the original wt strain HB-1631(wt HB-1631),
2.27% (106/4676) of reads contained the L226Q substi-
tution.

3.3. Rapid selection for HA L226Q during HIN2 infection
in mice

To investigate the adaptation process of HON2 viruses
in mice at residue 226 of the HA protein, we constructed
the reassortant virus RG HB-1631 containing 226L. Af-
ter mice were infected with different concentrations of
either RG HB-1631 (RG HB-1631 amplified with chicken
embryos) or RG HB-1631-cell (RG HB-163 amplified with
MDCK cells), their lung tissues were collected on 1, 3,
5, and 7 dpi. The viruses isolated from lung tissues on 3
dpi were used to inoculate the mice of the next passage.
The lung homogenate samples collected from this second
batch of infected mice on day 3 were designated P2-1, P2-
2, and P2-3. Viral passage was continued, and the lung
homogenate samples from 3 mice on day 3 after the third
round of infection were designated P3-1, P3-2, and P3-3.
Few reads containing the HA 226Q substitution were de-
tected from either the RG HB-1631 or RG HB-1631-cell
virus in passage 1 (P1), accounting for 0.20% (3/1482)

and 0.02% (1/6227) of the total reads, respectively. After
inoculation in P2, the HA L226Q substitution had clearly
increased at 3 dpi in most mice infected with RG HB-
1631 (Fig. 1B), whereas although the HA 1L226Q substi-
tution also increased in some RG HB-1631-cell-infected
mice, the increase was less marked than in RG HB-1631
(Fig. 1C). However, the proportion of HA 226Q exceeded
84% in the P2 generation of both RG HB-1631 and RG
HB-1631-cell virus, and was nearly 100% in the P3 gen-
eration.

To investigate the selection of HA 1L226Q in other
HON2 strains, 3 viruses (A/Hunan/11173/2020,
A/Hunan/34179/2018, and A/Guangdong/12902,/2021)
containing HA 226L were selected for passage in mice.
The sequencing results showed that the proportion of HA
226Q reads exceeded 98% in the lung tissues of all of the
infected mice in both the P3 and P4 generations (Table
S3). This result indicated that the HA L226Q mutation
rapidly occurred during viral replication in the lungs of
mice, and was commonly observed in these human HON2
isolates.

3.4. HA L226Q alters the pathogenicity of HINZ2 viruses in
mice

We rescued the RG HB-1631-226Q virus carrying the
HA L226Q mutation. After mice were inoculated with
107 TCIDs, RG HB-1631-226Q, their bodyweights started
to decrease at 2 dpi, and all of the mice died at 4 dpi
(Fig. 2A). The mice infected with the reassortant virus
showed a faster bodyweight loss than the wt HB-1631-
infected mice (Fig. S2). To confirm this, we rescued an-
other strain of HON2 virus, RG HN-34179, and obtained
RG HN-34179-226Q carrying HA 226Q. The HA L226Q
mutation also increased the pathogenicity of RG HN-
34179 in mice (Fig. 2A).

To investigate the dose dependence of pathogenicity
conferred by HA L226Q, 5 mice in each group were in-
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Fig. 2. HA L226Q increased the virulence of HON2 viruses in mice. Five C57/6J mice per group were inoculated with the indicated viruses or mock infected with PBS.
(A) Bodyweight changes of the mice infected with wt HB-1631, RG HB-1631, or RG HB-1631-226Q (107 TCID50) for 14 dpi. Bodyweight changes in mice infected
with 101-107 TCID50 of RG HB-1631 (B) or RG HB-1631-226Q (D) at 14 dpi. Values represent the average bodyweights + standard deviations of 5 mice compared
with the baseline weight. Survival of mice infected with RG HB-1631 (C) or RG HB-1631-226Q (E). Mice that lost more than 25% of their initial bodyweight were

considered at the experimental endpoint and were humanely euthanized.

fected with 10!'-107 TCIDs, RG HB-1631-226Q or RG HB-
1631. All RG HB-1631-infected mice survived and showed
no significant reduction in bodyweight (Fig. 2B, C). By
contrast, the mice inoculated with RG HB-1631-226Q
showed bodyweight loss at the low dose of 10 TCIDg,
(Fig. 2D). All mice infected with RG HB-1631-226Q at
10%-107 TCIDs, (Fig. 2D, E) showed clinical signs of dis-
ease, such as depression, loss of appetite, severe wasting,
lusterless hair, arching of the back, and ultimately death.
In summary, the MLDg, of RG HB-1631-226Q was 1027
TCIDg,, whereas the 50% median lethal dose (MLDs,) of
RG HB-1631 was > 107> TCIDs,,.

After 14 days of viral infection, the HI titers in the
sera of the surviving mice were measured. The 50% me-
dian infectious dose (MIDs;) of RG HB-1631-226Q was
<10%° TCIDs,, whereas the MIDs, of RG HB-1631 was
1033 TCIDg, (Table 1).

3.5. HA L226Q induced pathological changes and
proinflammatory responses to HIN2 viruses in mice

Although most mice infected with RG HB-1631 showed
no weight loss, HE staining showed that both RG HB-
1631-226Q and RG HB-1631 infection caused progressive
lesions after inoculation with 107 TCIDs, (Fig. 3A) or 10°
TCIDs, (Fig. S3A). Small amounts of exudate and foam
cells were observed in the trachea, bronchi, and thick-
ened mucosal epithelia of each group of 3 mice (Figs 3A,
S3A). However, the interstitial lung tissues of the mice
infected with RG HB-1631-226Q displayed more vascular
congestion and more pronounced inflammatory cell infil-
tration, including neutrophils and macrophages; alveolar

fusion was detected in about one-third of the lung, and
emphysema was more pronounced than in the RG HB-
1631-infected mice.

Immunohistochemical staining showed more virus-
positive cells in both the bronchial epithelial and alve-
olar tissues of the RG HB-1631-226Q-infected lungs than
the RG HB-1631-infected lungs (Figs 3B, S3B). Whereas
RG HB-1631 was mainly distributed around the bronchial
epithelial cells, RG HB-1631-226Q had a wider distri-
bution around both the bronchial epithelial cells and
alveolar cells. Moreover, the RG HB-1631-226Q virus in-
duced higher levels of tumor necrosis factor a (TNF-a),
macrophage inflammatory protein 1a (MIP-1a), toll-like
receptor 2 (TLR2), cluster of differentiation 14 (CD14),
CD3, and interleukin 18 (IL1p) (Fig. S4). These results
indicate that HA L226Q induces elevated pathological
changes and proinflammatory responses to HON2 viruses
in mice.

3.6. HA L226Q increases the replication of HIN2 viruses

We infected MDCK, DF1, and A549 cells (MOI = 0.01)
with RG HB-1631 or RG HB-1631-226Q. Similar viral
replication profiles were observed in MDCK and A549
cells (Fig. SSA-C); however, in DF1 cells, RG HB-1631-
226Q produced more progeny virus at 24 and 36 h post-
infection (hpi) than in the other 2 cell types (Fig. S5B).

We further measured the viral titers in the mouse nasal
turbinate, tracheal, and lung tissues at 1, 3, and 5 dpi, and
showed that RG HB-1631-226Q produced significantly
higher titers than RG HB-1631 at 1 and 5 dpi (p < 0.05)
(Fig. 3C). These findings suggest that HA-226Q viruses



M. Tan, Y. Zhang, H. Bo et al.

Table 1

Hemagglutinin inhibition antibody test of the C57BL/6J mice inoculated with RG HB-1631 and RG HB-1631-226Q viruses.
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viruses Inoculation dose (log10 TCIDs,) HI titers® MIDg, (logTCID5,)"
#1 #2 #3 #4 #5
7 1280 1280 1280 1280 1280
6 1280 1280 1280 1280 1280
5 640 1280 1280 1280 1280
RG HB-1631 4 1280 640 640 320 320 3.3
3 320 20 <10 20 20
2 <10 <10 <10 <10 <10
1 <10 <10 <10 <10 <10
7 ND ND ND ND ND
6 ND ND ND ND ND
RG 5 ND ND ND ND ND
4 ND ND ND ND ND
HB-1631-226Q 3 640 ND ND ND ND
2 320 320 320 640 640 0.5
1 320 320 320 320 80
PBS <10 <10 <10 <10 <10

2 Serum was collected from each survival mouse at 14dpi, and tested for hemagglutination inhibition titers against the respective virus.
b 50% mouse infection dose, and was determined using the Karber Method.ND, not determined due to death of mice (treated as positive).These data demonstrate

that the virulence of the RG HB-1631-226Q virus was greater than that of the RG HB-1631 virus in mice.

A St
10X
20X
B
10X
20X |
C

Virus titer
(Log TCIDse/mL)

RG HB-1631

RG HB-1631

LuRG HB-1631

Lu RG HB-1631-226Q
NT RG HB-1631

NT RG HB-1631-226Q
TrRG HB-1631

Tr RG HB-1631-226Q

R

Fig. 3. HA L226Q increased the pathogenicity of HON2 viruses in mice. Mice were infected with 107 TCID50 of RG HB-1631 virus or RG HB-1631-226Q mutant.
The right upper lobe of each lung was collected at 1- and 3-days postinfection (dpi, i.e., at 1 timepoint), fixed in 10% formalin, embedded in paraffin, and sectioned.
Sections were stained with hematoxylin and eosin (HE, A) or immunohistochemically stained (IHC, B). Nose clips (NT), tracheae (Tr), and lungs (Lu) were collected
on 1, 3, and 5 dpi, and viral titers were determined with endpoint titration in MDCK cells. (C) Each patterned bar represents the average viral titer calculated for 3
mice. The black-dashed horizontal line indicates the lower limit of detection. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4. HA L226Q alters HON2 receptor-binding affinity. Receptor-binding affinities of wild-type (wt) HB-1631 (A), RG HB-1631 (B), RG HB-1631-226Q (C), and
RG-A/Anhui/1/2005 H5N1 (D). The binding affinities of the viruses to 2 different biotinylated glycans (6’-sialyl-N-acetyllactosamine [6’-SLN] shown in dark; 3’-
sialyl-N-acetyllactosamine, [3’-SLN] shown in red) were determined, and the viruses were analyzed at concentrations of 0.3125, 0.625, 1.25, 2.5, and 5 ug/mL. Every
experiment was conducted twice, and the absorbance was read at 450 nm. The avian H5N1 influenza virus (RG-A/Anhui/1/2005) was used as an early-stage virus

control. The receptor-binding affinity of the virus is expressed as the mean + SD.

replicate more efficiently than HA-226L viruses in the
lungs of mice.

3.7. HA H226Q alters the viral receptor-binding properties

A solid-phase direct binding assay showed that in con-
trast to A/Anhui/1/2005 (H5N1), which preferentially
bound to the «2,3-SA receptor, wt HB-1631 and RG
HB-1631 preferentially bound to the «2,6-SA receptor
(Fig. 4A, B), whereas RG HB-1631-226Q showed no pref-
erence and bound to both receptors (Fig. 4C), suggesting
that the HA L226Q mutation alters the specificity of HON2
viruses.

4. Discussion

The key findings of the present study are as follows.
Forty-three strains of human-infecting HON2 viruses were
screened by inoculation in mice and 3 strains possessed
higher pathogenicity. Sequence analysis showed that the
rapid amino acid substitution L226Q in HA mediated
the increased pathogenicity of HON2. HA 1L226Q also in-
creased the virulence and replication of HOIN2 and the
inflammatory damage in mice. Although strains such as
HN-34179 developed L226Q after multiple mouse lung
tissue passages, the original strain with HA 226L had low
pathogenicity in mice after initial infection with high viral
titers, indicating the significance of this specific mutation
in determining pathogenicity.

Avian influenza has undergone adaptive amino acid
mutations during its adaptation to mammals, leading to
pathological changes in the virus [21]. For example, mu-
tations at E627K [22] and D701N [23] in PB2 of the HON2
viruses increase their virulence and replication capacities.
Combined mutations in HA (L226Q) and PB2 (M147L,
V250G, or E627K) or HA (L226Q) and M1 (R210K) sig-
nificantly increase the virulence of the HON2 chicken iso-
late in mice, whereas the single mutation HA L226Q only

increases viral replication [24]. In the present study, we
confirmed the substitution of L226Q in HON2 viruses from
human cases caused phenotypic changes and increased
the pathogenicity of the virus in mice. Our animal ex-
periments also showed that viruses with HA 226Q had
a competitive advantage in mice over viruses with HA
226L. The proportion of HA 226Q exceeded 84% in the
P2 generation and was nearly 100% in the P3 generation
of mice inoculated with RG HB-1631 virus.

Notably, the L226Q substitution in HA destroyed the
binding preference of the virus for the a2,6-SA receptor,
allowing it dual-receptor binding ability, binding to both
2,3-SA and a2,6-SA receptors.

Modulating the receptor specificity of the influenza
viruses, to bind either «2,3-SA and «2,6-SA receptors, can
confer an optimal competitive advantage on a viral strain
in vivo. For example, the T187P + M227L double muta-
tion in the HON2 virus HA protein improves its affinity
for its receptor and greatly improves viral attachment to
mouse lung tissue, thereby increasing the proliferation
and pathogenicity of the virus in mice [25,26]. Humans
have receptor structures that strongly express «2,6-SA in
the upper airways, and a greater abundance of «2,3-SA on
bronchial epithelial cells and type II alveolar cells in the
lower respiratory tract [27-29]. The HON2 virus Q226L
variant increased the virus’s binding affinity for the «2,6-
SA receptor and the airborne transmission ability of the
virus in ferrets [19]. Pigs predominantly express both re-
ceptors (a2,3-SA and «2,6-SA) and were more suscepti-
ble to the Q226 variant (55%, 25/45) than to the L226
variant (42%, 19/45) [30]. A previous report indicated
that the HA 1L226Q mutation caused a complete shift from
2,6-SA to a2,3-SA receptor in the poultry HON2 virus re-
ceptor binding preference [31]. In this study, our results
showed that L226Q enhanced the binding of HON2 to the
a2,3-SA receptor while reducing its binding to the «2,6-
SA receptor, generating a dual receptor-binding pheno-
type. The L226Q mutation enhances the binding affinity
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of HON2 for mouse lung tissue, increases the virus’s repli-
cation in the mouse respiratory tract, induces a stronger
inflammatory response in the mouse lung, and enhances
the pathogenicity of HON2 in mice. Both RG HB-1631
and RG HB-1631-226Q viruses were detected in small
amounts in the small intestines (Fig. S6) of the infected
mice but did not display more extensive tissue tropism.
Although the HON2 viruses that infect humans commonly
contain HA 226L [32], viruses with the HA L226Q muta-
tion replicated more efficiently in the human lower res-
piratory tract where «2,3-SA is the main receptor [33],
posing a threat to human health.

In summary, we have identified a wt HON2 virus from
human cases with a HA L226Q mutation. We have demon-
strated that this mutation arises in a proportion of viruses
during replication in a mouse model, alters the viral phe-
notype, and induces lethal infections in mice. These find-
ings provide valuable insight into the mechanisms under-
lying the pathogenicity of HON2 virus in humans, poten-
tially informing the development of effective prevention
and control strategies.
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