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A B S T R A C T

Avian H9N2 viruses have wide host range among the influenza A viruses. However, knowledge of H9N2
mammalian adaptation is limited. To explore the molecular basis of the adaptation to mammals, we performed
serial lung passaging of the H9N2 strain A/chicken/Hunan/8.27 YYGK3W3-OC/2018 (3W3) in mice and iden-
tified six mutations in the hemagglutinin (HA) and polymerase acidic (PA) proteins. Mutations L226Q, T511I, and
A528V of HA were responsible for enhanced pathogenicity and viral replication in mice; notably, HA-L226Q was
the key determinant. Mutations T97I, I545V, and S594G of PA contributed to enhanced polymerase activity in
mammalian cells and increased viral replication levels in vitro and in vivo. PA-T97I increased viral polymerase
activity by accelerating the viral polymerase complex assembly. Our findings revealed that the viral replication
was affected by the presence of PA-97I and/or PA-545V in combination with a triple-point HA mutation.
Furthermore, the double- and triple-point PA mutations demonstrated antagonistic effect on viral replication
when combined with HA-226Q. Notably, any combination of PA mutations, along with double-point HA muta-
tions, resulted in antagonistic effect on viral replication. We also observed antagonism in viral replication between
PA-545V and PA-97I, as well as between HA-528V and PA-545V. Our findings demonstrated that several
antagonistic mutations in HA and PA proteins affect viral replication, which may contribute to the H9N2 virus
adaptation to mice and mammalian cells. These findings can potentially contribute to the monitoring of H9N2
field strains for assessing their potential risk in mammals.
1. Introduction

The H9N2 virus is a low pathogenic avian influenza virus (AIV). H9N2
was first isolated in 1966 and has since spread across terrestrial poultry
populations in Eurasia and Africa, causing sporadic infections in humans
and mammals (Homme and Easterday, 1970; Liu et al., 2003; Xu et al.,
2007). After its first isolation in China in 1994, over 20 years of dissem-
ination and evolution have seen H9N2 replace the H7N9 and H5N6 vi-
ruses as the predominant subtype among Chinese poultry during
2016–2019 (Bi et al., 2020; Hu et al., 2021). H9N2 can infect humans
directly and cause respiratory diseases with varying degrees of severity.
The first human case of H9N2 infection was reported in China in 1998,
with several subsequent cases reported in China (Peiris et al., 1999; Butt
et al., 2005; Huang et al., 2015; Yuan et al., 2017; Pan et al., 2018; Guo
23
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et al., 2020), Pakistan (Ali et al., 2019), India (Potdar et al., 2019), Oman
(Almayahi et al., 2020), Bangladesh (Shanmuganatham et al., 2013),
Cambodia (Um et al., 2021), Egypt (Gomaa et al., 2020), and Senegal
(Jallow et al., 2020) in the following 20 years. Previous studies have
revealed that H9N2 viruses can contribute internal genes to other sub-
types of AIV. For instance, the novel reassortant H7N9 virus, which
emerged in 2013, contains all six internal genes derived from the H9N2
virus (Lam et al., 2013; Liu et al., 2013) and has caused over 1500 human
infections with a fatality rate of approximately 40% as of January 13,
2023 (Chang et al., 2023). The H10N8 virus, which has caused human
infection and death, also has six internal genes derived from H9N2 (Chen
et al., 2014). Other AIV subtypes that have received internal genes from
H9N2 include the 1997 Hong Kong H5N1 (Guan et al., 1999), 2015
GuangdongH5N6 (Shen et al., 2016) and recent H3N8 (Yang et al., 2022).
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Serological investigations have indicated that more humans have
been infected with the H9 subtype than with the H5 and H7 subtypes (Li
et al., 2017; Ma et al., 2018; Song and Qin, 2020). H9 seropositivity is
particularly common among poultry market workers in southern China
(Li et al., 2017; Ma et al., 2018; Song and Qin, 2020), suggesting that
direct exposure is a risk factor for H9N2 infection. In poultry, the hem-
agglutinin (HA) receptor preference of most H9N2 viruses seemed to
have gained the ability to bind human-receptor (Gao et al., 2021), indi-
cating an increased risk of cross-species transmission to mammals.
Though some studies have described the molecular mechanisms associ-
ated with the adaptation of H9N2 viruses to mammals, the molecular
basis remains to be supplemented.

The mechanism of viral adaptation to mammals can be effectively
explored by serially passaging AIVs in the lungs of mice (Brown et al.,
2001). In this study, we explored the molecular basis of H9N2
mammalian adaptation by passaging an A/chicken/Hunan/8.27
YYGK3W3-OC/2018 (3W3) virus (isolated from chickens during
routine monitoring at a live poultry market) in mouse lungs and
analyzing the dynamic changes in virus performance. Six mutations
were identified in HA and polymerase acidic (PA) proteins, and were
responsible for the enhanced pathogenicity and replication capacity of
the 3W3 mouse-adapted virus. Furthermore, we found that antagonism
between some mutations in HA and PA proteins to viral replication
during the adaptation process. We believe our findings may have im-
plications for field monitoring H9N2 viruses with respect to assessing
their potential risk.

2. Materials and methods

2.1. Cells and viruses

Madin–Darby canine kidney (MDCK) cells, adenocarcinomic human
alveolar basal epithelial (A549) cells and human embryonic kidney
(293T) cells were originally sourced by our laboratory, and chicken
immortal fibroblasts (DF-1) cells were generously provided by professor
Meilin Jin (Huazhong Agricultural University). All cells were maintained
in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf
serum and incubated at 37 �C in 5% CO2.

A/chicken/Hunan/8.27 YYGK3W3-OC/2018 (H9N2) (3W3), was
isolated from a live poultry market (Bi et al., 2020). Virus stocks were
propagated in 10-d-old specific-pathogen-free (SPF) embryonated
chicken eggs (Boehringer Ingelheim, Beijing, China) at 38 �C for 72 h.
The allantoic fluid was harvested and purified using the limiting dilution
method to obtain the monoclonal 3W3 virus (or P0 virus), which was
aliquoted and stored at �80 �C. Virus titers were measured using a pla-
que assay in MDCK cells. All experiments involving live viruses were
performed in BSL-2 facilities at the Wuhan Institute of Virology, Chinese
Academy of Sciences, Wuhan, China.

2.2. Antibodies

The antibodies used in this study were as follows: DDDDK Tag mouse
antibody (66008-3-Ig, Proteintech, Wuhan, China), GAPDH mouse anti-
body (60004-1-Ig; Proteintech, Wuhan, China), Monoclonal Anti-HA anti-
body produced in mice (H3663-100UL, Sigma-Aldrich), and Influenza A
virus PB1 protein antibody (GTX125923, Genetex, Alton Pkwy Irvine, CA,
USA) with a dilution at 1:1000.

2.3. Mouse adaptation of the 3W3 virus

Five 6-week-old female SPF BALB/c mice (Slac laboratory animal,
Shanghai, China) were anesthetized via intraperitoneal injection with
2.5% avertin and inoculated intranasally with 50 μL of 10-fold-diluted P0
virus in phosphate buffer saline (PBS) supplemented with 0.1% bovine
serum albumin (BSA). Mice were euthanized at day 3 post inoculation
(d.p.i.), and their lungs were collected. Each lung was washed 10 times
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with 2 mL 0.1% BSA-PBS to obtain the bronchoalveolar lavage fluid
(BALF). The BALF was centrifuged (10,000 �g for 10 min at 4 �C), and
the supernatant was collected to isolate the P1 virus. Five mice were
simultaneously prepared for the next passage and inoculated intranasally
with 50 μL of the P1 virus. After five passages, the mice died within 4
days, and all the obtained viruses (P0–P5) were utilized for subsequent
experiments.

2.4. Viral genome sequencing

The RNA of P0–P5 viruses was extracted using the MiniBEST Viral
RNA/DNA Extraction Kit v5.0 (9766, Takara Bio, Tokyo, Japan). One-
step reverse transcription-polymerase chain reaction (RT-PCR) was per-
formed as described before (Bi et al., 2016) using conserved primers
(Kampmann et al., 2011) that could amplify all eight genes of the
influenza A virus. RT-PCR products were verified by agarose gel elec-
trophoresis and then stored on dry ice for next-generation sequencing
(NGS).

2.5. Reverse genetics

Based on the sequence analysis, P0, P3, and P5 viruses were gener-
ated by plasmid-based reverse genetics, as previously described (Hoff-
mann et al., 2000). Eight genes of P0, P3, and P5 viruses were amplified
using segment-specific primers and cloned into the pHW2000 vector by
homologous recombination using a Clone Express II one-step cloning kit
(C112-02, Vazyme, Nanjing, China). Mutations in HA and PA genes were
introduced by PCR-based directed mutagenesis with point mutation
primer sets (Supplementary Table S1) and verified by Sanger sequencing.

293T and MDCK cells plated 2:1 in 6-well plates at approximately
90% confluence were transfected with a mixture of pHW2000-PB2, PB1,
PA, HA, NP, NA, M, and NS plasmids of each virus (0.5 μg of each
plasmid) using Lipo8000 Transfection Reagent (C0533, Beyotime, Hai-
men, China) following the manufacturer's instructions. After 24 h, the
supernatant of the transfected cells was replaced with virus maintenance
solution in the presence of 0.5 μg/mL tosylsulfonyl phenylalanyl chlor-
omethyl ketone (TPCK)-trypsin (LS003740, Worthington, Lakewood, NJ,
USA). At 72 h.p.i., supernatants containing rescued viruses were har-
vested and propagated in MDCK cells plated in a 25 cm2 tissue flask in the
presence of 2 μg/mL TPCK-trypsin at 37 �C for 72 h. Subsequently, the
recombinant virus-containing supernatants were aliquoted and
confirmed by sequencing. Viral titers weremeasured using a plaque assay
in MDCK cells, and no difference in the plaque morphology of all re-
combinant viruses was observed.

2.6. Plaque assay

MDCK monolayers were plated in 24-well plates at 2.5 � 105 cells/
well, resulting in a cell density of approximately 95%–100% after 12 h.
The cells were washed twice with PBS, and infected with 100 μL of
diluted viruses at 37 �C for 1 h, and shook diagonally every 15 min. After
1 h, remove the virus inoculum and wash the cell twice with PBS. Then,
the cells were overlaid with 1 � plaque maintenance solution containing
MEM with 0.3% BSA, 1% low melting point agarose and 2 μg/mL TPCK-
treated Trypsin. After the maintenance solution complete coagulation at
18–26 �C, invert the plates at 37 �C incubator for 48 h, and then count the
number of plaques. Five to fifty plaques per well are considered relatively
accurate.

2.7. Mouse pathogenicity experiments

Each virus was diluted to 1 � 105 PFU/50 μL in 0.1% BSA-PBS. Eight
4–6-week-old female SPF BALB/C mice were divided into different
treatment groups (five for weight monitoring and three for dissection).
All mice were weighed before the challenge and anesthetized by intra-
peritoneal injection of 2.5% avertin at 150 μL/10 g. After anesthesia,
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each mouse was intranasally infected with 50 μL of diluted virus solution.
The mice were dissected at 3 d.p.i., and their heart, liver, spleen, lung,
kidney, nasal turbinate, brain, and intestine were harvested for homog-
enization. The supernatant of the homogenates was used for the plaque
assay on MDCK cells to determine the virus titer in each tissue. A small
amount of lung tissue was collected for histopathological analysis. Mice
in the weight-monitoring group were weighed at the same time point
every day after infection for 14 days. During this period, mice losing
�25% of their body weight were sacrificed.

2.8. Viral growth kinetics

A549 or DF-1 cells were plated in 24-well plates at 2� 105 cells/well,
resulting in a cell density of approximately 85%–95% after 12 h. The
viruses were diluted with DMEM containing 0.3% BSA and 2 μg/mL
TPCK-trypsin to 0.01 MOI (multiplicity of infection) and inoculated into
the monolayers at 37 �C for 1 h. The back titration was performed using
absolute quantitative qPCR to detect the copy number of NP vRNA of
recombinant viruses to confirm the comparable plaque to genome ratios.
The pHW2000-NP was used as standard, and the primers for NP vRNA
detection are shown in Supplementary Table S1. The virus solution was
discarded after 1 h incubation, the cells were washed twice, and 500 μL of
virus maintenance solution (with a final concentration of TPCK-treated
trypsin of 0.5 μg/mL) was added to each well, and then incubated at
37 �C with 5% CO2. Supernatants were collected at 12 h, 24 h, 48, and 72
h.p.i. and stored at �80 �C, and the titers were determined by plaque
assay on MDCK cells. In order to confirm the comparability, the viral
growth kinetics of the recombinant viruses was tested with rP0 virus
together in each separate experiment.

2.9. RNP activity assay

293T and DF-1 cells were plated in a 12-well plate at 5� 105 cells/well,
resulting in a cell density of approximately 85%–95% after 12 h. The
293T or DF-1 cell monolayers were transfected with 0.3 μg pCDNA3.
1-PB2, 0.3 μg pCDNA3.1-PB1, or 0.4 μg pCDNA3.1-PA of various combi-
nations of PA mutations and 0.2 μg pCDNA3.1-NP, and 0.3 μg fluorescent
reporter plasmids (provided by Professor Meilin Jin from Huazhong
Agricultural University, Wuhan, China) pPoll-NS-Luc (for 293T cells) or
pPol I-AVI (for DF-1 cells) and 5 ng pRL-TK using Lipo8000 transfection
reagent according to the manufacturer's instructions. After 24 h of trans-
fection, the cells were washed once with 4 �C pre-cooled PBS and fully
lysed with 200 μL diluted 1 � passive lysis buffer by shaking on ice for 15
min. Dual fluorescence was measured using a Promega GLOMAX 20/20
Luminometer with the Dual Luciferase Reporter Assay System (E1960,
Promega, Beijing, China).

2.10. Receptor-binding assay

Receptor-binding specificity of recombinant viruses was examined
using the solid-phase direct binding assay as described previously (Bi
et al., 2015; Yao et al., 2022). Briefly, 96-well microtiter plates were
coated with biotinylated glycan α-2,3-SA receptor (trisaccharide,
Neu5Acα2-3Galβ1-4GlcNAcβ-SpNH-LC-LC-biotin, and pentasaccharide,
NeuAcα2-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-SpNH-LC-LC-biotin)
(0036-BP, GlycoNZ, Auckland, New Zealand) and α-2,6-SA rece-
ptor (trisaccharide, Neu5Acα2-6Galβ1-4GlcNAcβ-SpNH-LC-LC-biotin,
and pentasaccharide, NeuAcα2-6Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-
SpNH-LC-LC-biotin) (0997-BP, GlycoNZ, Auckland, New Zealand).
Virus diluents containing 64 hemagglutinin units were incubated
with neuraminidase inhibitors (oseltamivir and zanamivir) at final
concentrations of 100 nmol/L. Virus-receptor binding was deter-
mined using mouse antisera against 3W3 recombinant viruses and
horseradish peroxidase (HRP)-linked goat anti-mouse IgG (HþL)
(AS003, Abclonal, Wuhan, China). Tetramethylbenzidine (TMB) was
used as the substrate, and the absorbances were measured at 450 nm.
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2.11. Co-immunoprecipitation

293T cells were plated onto a six-well plate at 1 � 106 cells/well,
resulting in a cell density of approximately 85%–95% after 12 h; 293T cell
monolayers were transfected with plasmids using Lipo8000. At 24 h.p.i.,
cells were washed with 4 �C pre-cooled PBS and fully lysed with 300 μL IP
lysis buffer containing protease inhibitor cocktail (HY-K0010-hd,
MedChemExpress, Princeton, NJ, USA) on ice for 15 min. The lysate su-
pernatant was incubated with anti-HA magnetic beads (HY-K0201,
MedChemExpress, Princeton, NJ, USA) for 4 h at 4 �C. The beads were
collected and washed four times with 4 �C-pre-cooled PBST buffer and
then boiled with 50 μL 1� SDS loading buffer for 10 min. Finally, protein
levels were determined by Western blotting.

2.12. Statistical analysis

Three individual replicates were performed in in vitro assay. A two-
tailed unpaired t-test or one-way analysis of variance (ANOVA) was
used to assess differences between groups in GraphPad Prism v8.3.0,
with statistical significance set at P-value <0.05.

3. Results

3.1. Adaptation of 3W3 H9N2 virus in mice and mutation analysis of
mouse-adapted 3W3 viruses

To determine the mechanisms of H9N2 virus adaptation to mammals,
we passaged the 3W3 virus (isolated from chickens during routine
monitoring at a live poultry market; wild type [WT]: P0 virus) in BALB/c
mice for five generations (P1, P2, P3, P4, and P5). Mice infected with the
WT 3W3 virus (P1 group) exhibited no clinical signs or weight loss,
similar to the mock-infected group (Fig. 1). In contrast, the P2, P3, P4,
and P5 groups displayed classic clinical signs of infection, including
huddling, hunched posture, less movement, and ruffled fur, and showed
significant weight loss (Fig. 1A). In the P2 and P4 groups, mice died from
5 d.p.i. and all mice died within 7 d.p.i. (Fig. 1B). All mice infected with
P3 died at 4 d.p.i., mice in the P5 group died from 1 d.p.i., and all died
within 4 d.p.i. (Fig. 1A and B).

The whole genomes of P0 and mouse-adapted viruses (P1, P2, P3, P4,
and P5) were sequenced and aligned. Sequence alignment revealed that
P0 and P1, P2 and P3 viruses, and P4 and P5 possessed the same genome,
respectively. Three HA mutations (L226Q, T511I, and A528V, H3
numbering; L216Q, T503I, and A520V, H9 numbering, cut signal pep-
tide) were observed in the P2 and P3 viruses. Six amino acid sub-
stitutions, three in HA (L226Q, T511I, and A528V, H3 numbering) and
three in PA (T97I, I545V, and S594G), were identified in the P4 and P5
viruses (Fig. 1C).

The HA-226 residue was located in the receptor-binding sites of the
HA1 domain, and the HA-511 and HA-528 residues were both located in
the HA2 domain (Fig. 1D). For PA, 97 residues were located in the PB2
binding motif (1–100 residues) (Hemerka et al., 2009) and also in
endonuclease domain (1–197 residues) (Dias et al., 2009) of the N-ter-
minal subunit (1–256 residues) (Fig. 1D), and 545 and 594 residues were
located in the C-terminal subunit of PA (277–716 residues) (Fig. 1D).

We assessed these mutations in clinically isolated H9N2 strains con-
taining all mammalian (including human) and avian H9N2 strains iso-
lated worldwide with complete amino acid sequences of both HA and PA
proteins as of September 7, 2023 (GISAID database, https://gisaid.org).
Mutation analysis covered 26 HA and 26 PA amino acid sequences of
mammalian H9N2 viruses, as well as 849 HA and 849 PA amino acid
sequences of avian H9N2 isolates (all strains are described in Supple-
mentary Dataset S1).

HA-226Q was found in 50.00% of mammalian H9N2 and 20.73% of
avian H9N2 isolates, respectively (Supplementary Fig. S1A, Dataset S1).
Both HA-511I and PA-594G were not observed in mammalian H9N2
isolates but occurred in 1.53% and 0.12% of the avian H9N2 viruses,

https://gisaid.org


Fig. 1. Generation and sequence analysis of mouse-adapted 3W3 virus. Five-week-old female BALB/c mice (n ¼ 5 per group) was inoculated intranasally with 50 μL
3W3 P0 virus and isolated the P1 virus from lung lavage fluid at 3 d.p.i. Then the virus was passaged another four generations to obtain viruses P2 to P5, with lung
lavage fluid collected at 3 d.p.i. of each passage. The mock group (n ¼ 5) was inoculated intranasally with 50 μL 0.1% BSA-PBS. Body weight loss (A) and survival rates
(B) were observed over 14 days. Mice lost �25% of their body weight were considered as dead and sacrificed. Significant body weight changes between virus-infected
and mock group mice (Student's t-test, two-tailed) are indicated by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. C Mutations detected in 3W3-mouse
adapted viruses indicated on the pink background, and the positions of HA proteins are labeled with both H9 and H3 numbering (cut signal peptide). D Primary
structural locations of the amino acid substitutions identified in the 3W3 mouse-adapted virus and the functional domains of HA (H3 numbering) and PA proteins are
indicated. NLS, nuclear localization signal; hCLE, human transcription factor (interacts with PA at two indicated regions (Huarte et al., 2001; Ping et al., 2011)).
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respectively (Supplementary Fig. S1A and S1B, Dataset S1). However,
neither HA-528V nor PA-97I was found in both mammalian and avian
H9N2 isolates (Supplementary Fig. S1A and S1B, Dataset S1). The
prevalence of PA-545V in mammalian H9N2 viruses (26.92%) was
significantly greater than that of avian H9N2 isolates (8.24%) (Supple-
mentary Fig. S1B, Dataset S1).

3.2. Replication and pathogenicity of rescued P3 and P5 recombinant
viruses in vitro and in vivo

To verify the function of the mutation sites in HA and PA, we rescued
the 3W3 WT virus (rP0) and mouse-adapted P3 and P5 viruses (rP3 and
rP5). The growth kinetics of rP3 and rP5 viruses in A549 and DF-1 cells
indicated that they replicated to significantly higher titers than those of
the rP0 virus (Fig. 2A), suggesting that 3W3 mouse-adapted viruses ac-
quired increased replication capacity in both mammalian and avian cells.
Notably, the replication capacity of the rP3 virus was slightly higher than
that of the rP5 virus in vitro (Fig. 2A).

We tested the pathogenicity of the rescued viruses in vivo. The viral
titers in the lungs and nasal turbinates of rP3 and rP5 mice were similar
andwere significantly higher than those of rP0-infectedmice (Fig. 2B). All
mice infected with rP0 survived, and no body weight loss was observed.
However, mice inoculated with rP3 and rP5 viruses showed severe
clinical signs and significant weight loss, and all died within 6 and 4 d.p.i.,
respectively (Fig. 2C and D).

Histopathological examination of the lungs of infected mice at 3
d.p.i. indicated that the rP0 virus did not cause lung injury (Fig. 2E). In
contrast, the lungs of mice inoculated with the rP3 virus revealed an
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alveolar blockage, thickening of alveolar walls, hemorrhage, and in-
flammatory cell infiltration (Fig. 2E). A more severe degree of lung
tissue injury, including the thickening of alveolar walls, infiltration of
inflammatory cells, and hemorrhage (Fig. 2E), was observed in rP5-
infected mice. These results suggest that the 3W3 mouse-adapted
virus has a higher replication capacity in vitro and increased virulence
in vivo.

3.3. HA-L226Q, T511I, and A528V were responsible for enhanced
pathogenicity in mice

To identify the mutations responsible for the enhanced replication
capacity and pathogenicity of the H9N2 mouse-adapted virus, we
generated two recombinant viruses containing P3HA or P5PA seg-
ments in a P0 background, namely rP0-P3HA (whole genome identical
to that of the P3 and rP3 virus) and rP0-P5PA, respectively (Fig. 3A).
The growth curves in A549 and DF-1 cells indicated that the titers of
rP0-P3HA and rP0-P5PA were significantly higher than those of the
rP0 virus (Fig. 3B and C). The rP0-P5PA virus exhibited stronger
replication capability in A549 cells compared with that of the rP0-
P3HA virus; however, in DF-1 cells, the replication capability of the
rP0-P5PA virus was weaker than that of the rP0-P3HA virus (Fig. 3B
and C).

The titers in the lungs and nasal turbinates of mice infected with the
rP0-P3HA and rP0-P5PA viruses were significantly higher than those of
mice infected with the rP0 virus (Fig. 3D). rP0-P3HA-inoculated mice
showed typical clinical features of infection and significant weight loss,
and all died within 6 d.p.i. (Fig. 3E and F). Consistent with that in



Fig. 2. Replication and pathogenicity of rP0, rP3, and rP5 viruses in vitro and in vivo. A Growth kinetics of 3W3 rP0, rP3, and rP5 viruses in A549 and DF-1 cell lines.
Cells were infected with the indicated viruses at MOI of 0.01, and the supernatants of indicated time were collected for viral titer detection by plague assay. The
experiment was performed three times. B Viral titers of 3W3 rP0, rP3, and rP5 viruses in mouse lung and nasal turbinate at 3 d.p.i. Three 6-week-old female BALB/c
mice were inoculated with either 50 μL of the indicated viruses (105 PFU) or 50 μL 0.1% BSA-PBS (mock group). Body weight changes (C) and survival rates (D) were
observed over 14 days (n ¼ 5/group). Mice lost �25% of their body weight were considered as dead and sacrificed. Data are presented as the means � standard
deviations. Two-tailed unpaired t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. E Lung histopathology of mice infected with 3W3 rP0, rP3, and rP5
viruses. The images were gained at �10 magnification and bars of the enlarged images represented 100 μm.
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rP0-infected mice, mice infected with the rP0-P5PA virus showed no
clinical signs or weight loss. However, histopathological examination of
infected mice lungs at 3 d.p.i. indicated that both rP0-P3HA and
rP0-P5PA viruses caused lung injury including thickening of alveolar
60
walls, hemorrhage, and inflammatory cell infiltration (Supplementary
Fig. S2). These results suggest that the HA-L226Q, T511I, and A528V
substitutions were responsible for the enhanced pathogenicity of the
3W3-mouse-adapted virus.



Fig. 3. Replication and pathogenicity of rP0-P3HA and rP0-P5PA recombinant viruses in vitro and in vivo. AWorkflow of segment replacement in recombinant viruses.
The rP0-P3HA and rP0-P5PA viruses were generated by replacing the HA or PA segments of rP0 virus, respectively. (B–C) Growth kinetics of 3W3 rP0, rP0-P3HA, and
rP0-P5PA viruses in A549 and DF-1 cell lines. Cells were infected with the indicated viruses at MOI of 0.01, and the supernatants of indicated time were collected for
viral titer detection by plague assay. The experiment was performed three times. D Viral titers in mouse lung and nasal turbinates infected with 3W3 rP0, rP0-P3HA,
and rP0-P5PA viruses at 3 d.p.i. (n ¼ 3/group, 105 PFU/mouse). E Body weight changes and survival rates (F) were observed over 14 days (n ¼ 5/group). Mice lost
�25% of their body weight were considered as dead and sacrificed. Data are presented as the means � standard deviations. Two-tailed unpaired t-test, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.4. HA-L226Q was the key factor of enhanced pathogenicity in vivo and
the receptor-binding preference

To identify the exact amino acid sites of HA responsible for enhanced
replication and pathogenicity, we generated recombinant viruses bearing
HA-L226Q, HA-T511I, or HA-A528V substitutions (namely rP0-HA-
L226Q, rP0-HA-T511I, and rP0-HA-A528V, respectively). The growth
kinetics of rP0-HA-L226Q, rP0-HA-T511I, and rP0-HA-A528V viruses in
A549 cells were significantly increased at 24 h.p.i., 48 h.p.i., and
72 h.p.i. compared with those of the rP0 virus, among which the
rP0-HA-L226Q virus produced the highest viral titer. In DF-1 cells, we
observed increased replication of rP0-HA-L226Q, rP0-HA-T511I, and
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rP0-HA-A528V compared with the rP0 virus at 12 h.p.i. and 24 h.p.i., and
the rP0-HA-L226Q virus also replicated to the highest viral titer at 12
h.p.i. and 24 h.p.i. (Fig. 4A). However, the replication rates of rP0-HA-
T511I and rP0-HA-A528V viruses were significantly reduced compared
with those of the rP0 virus at 72 h.p.i. in DF-1 cells. Furthermore, it was
observed that most DF-1 cells infected with the rP0-HA-L226Q virus died
after 24 h.p.i. This was contributed to a significant reduction in viral ti-
ters at 48 and 72 h.p.i., as depicted in Fig. 4A.

To test the effect of the three HA mutations on the pathogenicity,
BALB/c mice were intranasally inoculated with 105 PFU of rP0,
rP0-HA-L226Q, rP0-HA-T511I, or rP0-HA-A528V virus. We detected
virus titers in the lungs and nasal turbinates of inoculated mice at 3 d.p.i.



Fig. 4. Replication and pathogenicity of HA single mutation recombinant viruses in vitro and in vivo. A Growth kinetics of 3W3 rP0, rP0-HA-L226Q, rP0-HA-T511I, and
rP0-HA-A528V viruses in A549 and DF-1 cell lines. Cells were infected with the indicated viruses at MOI of 0.01, and the supernatants of indicated time were collected
for viral titer detection by plague assay. The experiment was performed three times. Most of the DF-1 cells infected with rP0-HA-L226Q virus died after 24 h.p.i. (B–D)
Six-week-old female BALB/c mice intranasally with either 50 μL of the indicated viruses (105 PFU) or 50 μL of 0.1% BSA-PBS (mock group). Viral titers in mouse lungs
and nasal turbinates (B) were detected at 3 d.p.i (n ¼ 3/group). Body weight changes (C) and survival rates (D) (n ¼ 5/group) were observed over 14 days. Mice lost
�25% of their body weight were considered as dead and sacrificed. Data are shown as the means � standard deviations, Two-tailed unpaired t-test, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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and observed that these were significantly higher in mice infected with
rP0-HA-L226Q, rP0-HA-T511I, or rP0-HA-A528V viruses than those
infected with rP0 (P < 0.0001, two-tailed unpaired t-test), with rP0-HA-
L226Q showing the highest viral titers (Fig. 4B). Significant weight loss
and death rates were observed only in rP0-HA-L226Q-inoculated mice
(Fig. 4C and D), whereas no weight loss or death was observed in the rP0-
HA-T511I or rP0-HA-A528V groups, suggesting that HA-L226Q was the
key factor enhancing pathogenicity in mice.

Lung histopathology of infected mice showed that the three HA
single-point mutation viruses caused varying degrees of lung tissue
damage, among which the pathological changes caused by the rP0-
HA-L226Q virus were more severe than those caused by rP0-HA-
T511I and rP0-HA-A528V viruses. Lungs infected with the rP0-HA-
L226Q virus revealed a local alveolar blockage, inflammatory cell
infiltration, and thickening of alveolar walls (Supplementary Fig. S2).
Mouse lungs inoculated with rP0-HA-T511I and rP0-HA-A528V vi-
ruses showed similar pathological changes, both of which formed
local blockages; however, alveolar wall thickening was more severe in
rP0-HA-T511I-infected mice (Supplementary Fig. S2). These results
indicated that HA-L226Q, -T511I, and -A528V could enhance repli-
cation capability and pathogenicity, and the HA-L226Q mutation was
the key factor.

In addition, to investigate whether HA mutations have an effect on
viral receptor-binding properties, we examined the receptor-binding
specificity of HA-mutated recombinant viruses using the solid-phase
direct binding assay (Bi et al., 2015; Yao et al., 2022). As shown in
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Supplementary Fig. S3, rP0, rP0-HA-T511I, and rP0-HA-A528V viruses
possessed dual-receptor binding property, while the rP0-HA-L226Q and
rP3 viruses only bound to α-2,3-linked glycans (Supplementary Fig. S3),
indicating HA-L226Q was the crucial mutation that altered the viral
receptor-binding properties.

3.5. PA-T97I, PA-I545V, and PA-S594G contributed to enhancing viral
replication in vitro and in vivo

To assess the roles of substitutions in the PA gene in replication
and pathogenicity, we rescued recombinant 3W3 viruses possessing
PA-T97I, PA-I545V, or PA-S594G, namely rP0-PA-T97I, rP0-PA-I545V,
and rP0-PA-S594G, respectively. Multiple replication cycle growth
curves in A549 cells showed that rP0-PA-T97I, rP0-PA-I545V, and
rP0-PA-S594G viruses produced significantly higher viral titers than
rP0 virus at 24 h.p.i., 48 h.p.i., and 72 h.p.i. (P < 0.0001), among
which the rP0-PA-T97I virus produced the highest viral titer (Fig. 5A).
However, the growth kinetics in DF-1 cells indicated that PA-I545V
and PA-S594G mutations could promote viral replication at 24
h.p.i., whereas PA-T97I substitution inhibited replication throughout
the viral replication cycle (Fig. 5B). These findings suggest that the
three substitutions in the PA gene can enhance viral replication in
mammalian cells.

We assessed the role of PA mutations in replication and pathogenicity
in BALB/c mice. Although we did not observe any significant changes in
weight loss or death rates (Fig. 5C), significantly higher viral titers were



Fig. 5. Effect of PA substitutions in replication and pathogenicity. Growth kinetics of 3W3 rP0, rP0-PA-T97I, rP0-PA-I545V, and rP0-PA-S594G viruses in A549 (A)
and DF-1 (B) cell lines. Cells were infected with the indicated viruses at MOI of 0.01, and the supernatants of indicated time were collected for viral titer detection by
plague assay. The experiment was performed three times. C Body weight changes are presented as the means � standard deviations (n ¼ 5/group, 14 days period). D
Virus titers of mouse lung and nasal turbinates infected with 3W3 rP0, rP0-PA-T97I, rP0-PA-I545V, and rP0-PA-S594G viruses at 3 d.p.i. (n ¼ 3/group, 105 PFU/
mouse). Two-tailed unpaired t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. E Lung histopathology of mice infected with rP0-PA-T97I, rP0-PA-I545V,
and rP0-PA-S594G viruses at 3 d.p.i. The images were gained at �10 magnification and bars of the enlarged images represented 100 μm.
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observed in the lungs and nasal turbinates of mice infected with rP0-PA-
T97I, rP0-PA-I545V, or rP0-PA-S594G viruses at 3 d.p.i. than those with
rP0 virus infection (P < 0.0001, Fig. 5D). Lung histopathology of mice
infected with rP0-PA-T97I, rP0-PA-I545V, and rP0-PA-S594G showed
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alveolar wall thickening and local blockage, inflammatory cell infiltra-
tion, and peribronchial inflammation (Fig. 5E). These results suggest that
PA-T97I, -I545V, and -S594G contribute to enhancing viral replication in
vitro and in vivo.
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3.6. PA-T97I enhanced viral polymerase activity by accelerating viral
polymerase complex assembly

To explore the effect of the three PA mutations on the transcriptional
activity of RNP complexes, a luciferase mini-genome assay was per-
formed in 293T and DF-1 cells. We observed significantly increased po-
lymerase activity in mammalian cells of the PA-T97I, PA-T97IþI545V,
PA-T97IþS594G, and PA-T97IþI545VþS594G groups than that in the
PA group (P < 0.0001, Fig. 6A), and the polymerase activity of the PA-
I545V, PA-S594G, and PA-I545VþS594G groups showed no significant
difference compared with that in the PA group (Fig. 6A). These results
suggest that PA-T97I enhances the transcriptional activity of the RNP
complexes.
Fig. 6. Effect of PA mutations in viral polymerase activity and assembly. Polymerase
and DF-1 (B) cells. Data are shown as the means � standard deviations. One-way ANO
polymerase assembly. 293T cells were transfected with 0.75 μg HA-PA, HA-PA-T97I
transfection, cells were lysed and immunoprecipitated with anti-HA magnetic beads
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The polymerase activity in the PA-T97IþI545V and PA-T97Iþ
I545VþS594G groups was significantly increased compared with that in
the PA-T97I group (P < 0.0001), whereas that in the PA-T97IþS594G
group was similar to that in the PA-T97I group (Fig. 6A). These results
suggest that Val-545 in PA acted synergistically with Ile-97 in enhancing
polymerase activity. However, a significant decrease in viral polymerase
activity was observed in the PA-T97I- (P < 0.01) and PA-T97IþS594G-
transfected DF-1 cells (P < 0.05) compared with that in the PA group
(Fig. 6B), which is in contrast to the results for 293T cells.

Based on the role of PA-T97I in increasing polymerase activity, we
tested the impact of PA-T97I on polymerase assembly. We observed that
the amount of PB2 and PB1 immunoprecipitated by PA-T97I and PA-
T97IþI545VþS594G increased compared to that with PA-WT, implying
activity of RNP complexes with different PA mutation combinations in 293T (A)
VA, *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. C Effect of PA-T97I on
, or HA-PA-T97IþI545VþS594G, 0.75 μg flag-PB2, and 0.75 μg PB1; after 24 h
for Western blot assay. Each experiment was performed three times.
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that PA-T97I could increase the assembly of the viral polymerase
(Fig. 6C). These findings indicate that PA-T97I enhances viral polymer-
ase activity by accelerating the polymerase complex assembly in
mammalian cells.

3.7. PA-T97I and/or PA-I545V have an antagonistic effect with P3HA on
viral replication

As indicated above, the viral replication efficiency of rP3 (three HA
mutations) was higher than that of the rP5 virus (three HA and three PA
mutations) in A549 cells. However, the replication efficiency of the rP0-
P5PA virus (three PA mutations) was higher than that of the rP0-P3HA
virus (rP3 virus, three HA mutations) in A549 cells. This prompted us
to consider whether the mutations of the HA and PA proteins act
antagonistically in viral replication. To determine the exact site of
functional antagonism, we constructed 64 recombinant viruses with all
the possible permutations and combinations of the three HA and three PA
mutations on the background of the P0 virus. We assessed the growth
kinetics of these recombinant viruses in A549 and DF-1 cells at an MOI of
0.01, respectively. To confirm whether measuring with plaque assay and
quantitative PCR assay is similar, 11 key virus's stocks were tested by
both assays. The data showed that the recombinant viruses have com-
parable plaque to genome ratios (Supplementary Fig. S4). After
normalizing the viral titers of these recombinant viruses to that of rP0
(Supplementary Dataset S2), we visualized the results as heat maps.
These maps revealed several mutation sites that appeared to contribute to
the antagonism we had previously assumed. To explore the function of
different sites or various combinations, diverse recombinant viruses were
grouped and analyzed together in the followings.

Owing to the earlier appearance of the three HA mutations, we
verified the PAmutation responsible for the antagonism. The replication
efficiency of eight recombinant viruses, including P3HA (three HA
mutations) combined with single-, double-, and triple-point PA muta-
tions, were analyzed together. We observed that the replication effi-
ciency of recombinant viruses combined with single- (except for PA-
S594G) and double- or triple-point PA mutations was lower than that
of the rP0-P3HA virus in A549 cells (Fig. 7A). Notably, the replication
capacity of P3HAþP97, P3HAþP545, and P3HAþP97þ545 recombi-
nant viruses was even lower than that of the rP0 virus in A549 cells,
suggesting that PA-T97I and/or PA-I545V act antagonistically with
three HA mutations in viral replication (Fig. 7A). In DF-1 cells, similar
results were revealed as the replication efficiency of P3HAþP97,
P3HAþP545, P3HAþP97þ545, P3HAþP545þ594, and rP5 viruses was
lower than the rP0-P3HA virus (Fig. 7A).

3.8. Double- and triple-point mutations of PA are antagonistic with HA-
226Q

To determine the exact HA mutation site responsible for the func-
tional antagonism of PA mutations, we analyzed 24 recombinant viruses
containing single-point mutations of HA (HA-L226Q, T511I, A528V)
combined with single-, double-, and triple-point PA mutations. We
observed that the HA-L226Q single mutation significantly promoted
viral replication in A549 cells (Fig. 4A). When combined with PA-T97I
single-point mutation, the viral replication capacity of the recombi-
nant viruses (H226þP97) was equivalent to that of the HA-L226Q sin-
gle-point mutation virus (H226). However, when the HA-L226Q
mutation was combined with randomized two of the three PAmutations,
the rescued viruses had lower replication efficiency compared with that
of the H226 virus. With the HA-L226Qmutation combined with all three
PA mutations (P5PAþH226), the rescued virus had a lower replication
efficiency than that of the H226 virus, even lower than that of the rP0
virus (Fig. 7B). These results implied that the double- and triple-point
mutations of PA had functional antagonism with HA-226Q in viral
replication, which was consistent with the results in the avian DF-1 cell
line (only at 12 h.p.i. and 24 h.p.i.) (Fig. 7B). No obvious antagonism
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was observed when HA-T511I was combined with PA (only with triple-
point PA mutation at 48 h.p.i. and 72 h.p.i.) (Fig. 7C). However, a
synergistic effect was observed when HA-T511I was combined with the
single-point PA mutations PA-I545V and PA-S594G, respectively,
significantly increasing the viral titers of rP0-HA-T511IþPA-I545V
(H511þP545) or rP0-HA-T511IþPA-S594G (H511þP594) in A549 cells
than those of rP0-HA-T511I (H511) and rP0-PA-I545V (P545), or rP0-
HA-T511I (H511) and rP0-PA-S594G (P594), respectively (Supplemen-
tary Fig. S5). For HA-A528V, antagonism was only observed when
combined with PA-I545V (H528þP545) in A549 cells (Fig. 7D). A syn-
ergistic effect was observed in A549 cells when HA-A528V was com-
bined with the single-point PA mutation S594G, leading to significantly
higher viral titers for rP0-HA-A528VþPA-S594G (H528þP594) in A549
cells than those for rP0-HA-A528V (H528) or rP0-PA-S594G (P594)
(Supplementary Fig. S5). These results demonstrate that double- and
triple-point mutations in PA are antagonistic to HA-226Q.

3.9. Double-point mutations of HA are antagonistic with single-, double-,
and triple-point mutations of PA

After testing the single-point mutation of HA combined with PA, we
tested the double-point mutations of HA with PA in 24 recombinant
viruses carrying double-point HA mutations (HA-L226QþT511I,
L226QþA528V, and T511IþA528V) combined with single-, double-,
and triple-point PA mutations. In A549 cells, the recombinant viruses
containing the HA double-point mutation HA-L226Q (HA-L226QþT511I
and HA-L226QþA528V) combined with PA-T97I and/or PA-I545V had
lower viral titers than those of rP0-HA-L226QþT511I (H226þ511,
Fig. 7E) or rP0-HA-L226QþA528V (H226þ528, Fig. 7F). HA-T511I
and HA-A528V showed synergistic effect on viral replication in vitro,
leading to significantly higher viral titers for rP0-HA-T511IþA528V
(H511þ528) than those for rP0-HA-T511I (H511) or rP0-HA-A528V
(H528, Supplementary Fig. S5) in A549 cells. The recombinant viruses
carrying HA-T511IþA528V with any combination of the three PA mu-
tations had lower viral titers than those carrying HA-T511IþA528V
(Fig. 7G), suggesting that HA-T511IþA528V also contributed to the
antagonism of PA mutations. In DF-1, all the three double-point HA
mutations working antagonistically with any combination of the three
PA mutations (Fig. 7E–G). These results indicate that the double-point
HA mutation had antagonistic effect with single-, double-, and triple-
point mutations of PA on viral replication.

3.10. PA-97I and PA-545V, as well as HA-528V and PA-545V, were
functionally antagonistic to viral replication in mammalian cells

The three additional PAmutations reduced the effect of HAmutations
on viral replication; therefore, we assessed whether this was attributed to
the antagonistic effect of the PA mutations themselves and whether the
remaining mutations played a role. We analyzed 25 recombinant viruses
(21 viruses are shown in Fig. 7) consisting of double-point PA mutations
(PA-T97IþI545V, T97IþS594G, and I545VþS594G) combined with the
remaining PA mutation or single-, double-, and triple-point mutations of
HA in a P0 background. We found that the replication capacity at 24
h.p.i. and 48 h.p.i. of the recombinant virus containing a combination of
PA-T97I and PA-I545V (P97þ545) was lower than that of rP0-PA-T97I
(P97) or rP0-PA-I545V (P545) virus in A549 cells (Fig. 8A), suggesting
that the two PA mutation sites were functionally antagonistic to viral
replication. The growth kinetics of PA-T97IþI545V in combination with
the remaining four mutations showed that the antagonistic effect of
PA-T97I and PA-I545V could be compensated for when combined with
PA-S594G (rP0-P5PA) in A549 cells (Fig. 8A). However, the antagonistic
effect on viral replication in A549 cells was even higher when PA-
T97IþI545V was combined with double- or triple-point HA mutations at
72 h.p.i. (Fig. 8A). In DF-1, there was no functional antagonism between
PA-T97I and PA-I545V; however, the replication capacity of the recom-
binant viruses possessing PA-T97IþI545V and single-point HAmutations



Fig. 7. Heat map of recombinant viruses with single-point HA mutation, double-point HA combination, and triple-point HA mutation respectively bombinated with
the three mutations of PA. A549 and DF-1 cells were infected with recombinant viruses at MOI 0.01. The virus titers at various time points were normalized to those of
rP0 and visualized as the Log2 fold-change of that in rP0. Heat map of recombinant viruses carrying P3HA (three HA mutations) (A), HA-L226Q (B), HA-T511I (C), HA-
A528V (D), HA-L226QþT511I (E), HA-L226QþA528V (F), and HA-T511IþA528V (G). In each case, growth kinetics were analyzed for eight recombinant viruses
carrying the mutation/-s combined with single-point, double-point, and triple-point PA mutations in a P0 background and maintained in A549 and DF-1 cells. Each cell
represents the fold change of virus titer (PFU/mL) at the given time point compared to that in the rP0 virus after Log2 normalization. Each experiment was performed
three times. The viral titers of each recombinant virus (except for rP0) in each panel were compared with those of the second virus, while viral titers of the second virus
in each panel were compared with those of rP0. Two-tailed unpaired t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. P97, PA-T97I; P545, PA-I545V;
P594, PA-S594G; H226, HA-L226Q; H511, HA-T511I; H528, HA-A528V.
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Fig. 8. Heat map of recombinant viruses harboring double-point PA mutations or PA-I545VþHA-A528V combined with remaining four mutations. A549 and DF-1
cells were infected with the recombinant virus at MOI ¼ 0.01. Virus titers at various time points were normalized to those of rP0 and visualized as the Log2 fold-change
of that for rP0. Quantification of the growth curve of recombinant viruses carrying PA-T97IþI545V (A), PA-T97IþS594G (B), PA-I545VþS594G (C), and PA-
I545VþHA-A528V (D). In each case, growth kinetics were analyzed for 11 (A–C) or 16 (D) recombinant viruses carrying the mutation/-s combined with the remaining
four mutations in a P0 background and maintained in A549 and DF-1 cells. All viruses are included in Figs. 5 and 7. Only two of the viruses were newly analyzed for
(A), one for (B), and one for (C). Each cell represents the fold change in virus titer (PFU/mL) at the indicated time point compared with that of the rP0 virus after Log2
normalization. Each experiment was performed three times. The viral titers of each recombinant virus (except for rP0) in (A–C) were compared with those of fourth
virus in each panel, while the viral titers of the fourth virus in each panel were compared with those of rP0. The viral titers of every recombinant virus (except for rP0)
in panel D were compared with those of the second virus, while the viral titers of the second virus were compared with those of rP0. Two-tailed unpaired t-test, *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. P97, PA-T97I; P545, PA-I545V; P594, PA-S594G; H226, HA-L226Q; H511, HA-T511I; H528, HA-A528V.
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HA-T511I (P97þ545þH511) and HA-A528V (P97þ545þH528) was
lower than that of the rP0 virus at the late stage of infection (Fig. 8A).
These results indicate that PA-97I and PA-545Vwere antagonistic to viral
replication in mammalian cells and that the antagonism of PA-T97I and
PA-I545V was enhanced by the double- and triple-point HA mutations.

PA-T97I and S594G had a synergistic effect on viral replication in DF-1
cells, and the replication efficiency of rP0-PA-T97IþS594G (P97þ594)
was significantly higher than that of rP0-PA-T97I and rP0-PA-S594G,
respectively (Fig. 8B and Supplementary Fig. S5). No distinct antago-
nistic effect was observed in A549 or DF-1 cells for recombinant viruses
possessing PA-T97IþS594G combined with the remaining four mutations,
except for the combination with the single-point HA mutations A528V
(P97þ594þH528) and double- and triple-point mutations at 48 h.p.i. and
72 h.p.i. in A549 cells and the combination with the single-point HA
mutations T511I (P97þ594þH511) and A528V (P97þ594þH528) in
DF-1 cells (Fig. 8B). PA-I545V and S594G had synergistic effect on viral
replication in both A549 and DF-1 cells: the replication efficiency of rP0-
PA-I545VþS594G (P545þ594) was significantly higher than that of rP0-
PA-I545V (P545) and rP0-PA-S594G (P594) (Fig. 8C and Supplementary
Fig. S5). However, antagonistic effect was observed in A549 cells for re-
combinant viruses possessing PA-I545VþS594G combined with single-,
double-, or triple-point HAmutation recombinant viruses, especially when
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combined with HA-L226QþT511I, suggesting that PA-I545VþS594G
antagonizes viral replication with any combination of HA mutations in
mammalian cells (Fig. 8C).

The replication efficiency of recombinant viruses possessing PA-
I545V and HA-A528V was lower than that of the rP0 virus in A549
cells (Fig. 7D), which suggests that viral replication at these two sites was
also antagonistic. To determine whether the other four mutations
affected the functional antagonism of the PA-I545V and HA-A528V
mutations, we analyzed the growth kinetics of recombinant viruses
possessing PA-I545VþHA-A528V combined with single-, double-, triple-,
and quadruple-point mutations of the remaining four mutations (corre-
sponding to 16 recombinant viruses including P545þH528; Fig. 7,
Fig. 8A, and Fig. 8C). We observed that the antagonistic effect of the
combination of these two mutations could be compensated for when
combined with other single-, double-, or triple-point mutations con-
taining PA-S594G in A549 cells, except for P5PAþH226þ528 (Fig. 8D).
In DF-1 cells, PA-I545VþHA-A528V combined with PA-T97I (P97þ
545þH528) or HA-T511I (P545þH511þ528) inhibited viral replication
compared with that for the rP0 virus (Fig. 8D). These results indicate that
PA-545V and HA-528V were antagonistic to viral replication in
mammalian cells, which was alleviated by single-, double-, and triple-
point mutations containing PA-594G.
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4. Discussion

H9N2 AIVs pose a major public health risk owing to their distribution
worldwide in live poultry markets and their broad host range (Li et al.,
2017). Efficient replication and sustained transmissionof AIVs inmammals
require adaptations to survive in the host environment and overcome
interspecies barriers. In this study, the 3W3 H9N2 virus was serially
passaged in mouse lungs, and dynamic changes in its performance were
monitored to explore the molecular basis of H9N2 mouse adaptation. Six
mutationswere identified inHAand PAproteins, four ofwhichwere newly
described in IAVs. Using reverse genetics, we identified the genes and
amino acid substitutions responsible for the enhanced pathogenicity and
replication capacity of the 3W3 mouse-adapted virus. Furthermore, we
observed that the effect of these six mutations on viral replication was not
limited to linear superpositions; the antagonism between some mutations
in HA and PA proteins may played crucial roles in the adaptation process.

Three mutations in the HA protein appeared rapidly during the
second passage of the 3W3 virus (P2 virus). HA is the major glycoprotein
on the surface of an IAV and is needed to bind to the sialic acid receptor
(N-acetylneuraminic acid) on the surface of host cells, thereby medi-
ating the membrane fusion of IAVs for internalization (Chauhan and
Gordon, 2022). Given the roles of HA proteins, IAVs generally alter HA
properties first to overcome interspecific barriers, which is consistent
with our results. The P2 virus rapidly induced lethality in the mice and
showed enhanced replication capacity and pathogenicity, which is
detrimental to the co-evolution of the virus and host, and thus decreases
the persistence of the virus in the host population. Therefore, the virus
must use other proteins to balance the demand for replication and sur-
vival. PA, in our case, is a subunit with endonuclease activity in the IAV
polymerase complex (Hara et al., 2006) and plays a vital role in the
adaptation of IAVs (Sakabe et al., 2011; Zhu et al., 2012). The additional
three mutations in PA (observed in P4–P5 viruses) were proven to
alleviate the replication capabilities conferred by the three HA muta-
tions in mammalian cells.

Mutations in HA were responsible for enhanced viral replication and
pathogenicity and were predominantly determined by HA-L226Q. HA-
L226Q was first found to change receptor specificity of H3 viruses
(Rogers and Paulson, 1983), and then have also been reported in
mouse-adapted viruses, such as H9N2 (Wang et al., 2012) and H7N9
(Zhao et al., 2016), but its effect on viral pathogenicity in mice was
rarely involved. Recently, a study about engineering H9N2 vaccine
strain verified that HA-L226Q could increase mouse pathogenicity (An
et al., 2023), which is in accordance with our findings. Although in
many previous studies, HA-226Q was considered as avian-specific
(Connor et al., 1994; Lin et al., 2000; Matrosovich et al., 2000, 2001;
Liu et al., 2023), we found a greater proportion of HA-226Q in
mammalian H9N2 strains than that of avian H9N2 isolates, suggesting
HA-L226Q may contribute to H9N2's adapting to mammals. In the lower
respiratory tract, where the α-2,3 sialic acid receptor is predominant
(Shinya et al., 2006), HA-L226Q functions as expected for the virus to
adapt to the lung. HA-T511I and HA-A528V, which were newly
described in IAVs, enhanced viral replication capacity in mammalian
cells and mice and caused mild tissue damage in mouse lungs. HA-511
and -528 are both located in the HA2 domain; however, the mecha-
nisms by which HA-T511I and A528V affect viral replication, pathoge-
nicity, and cross-species transmission of H9N2 viruses in mammals
remain unclear.

The three mutations of the PA gene were associated with enhanced
viral replication ability in mice and mammalian cells. PA-T97I has been
detected in mouse-adapted H5N1, H6N1, and H9N2 viruses and was
shown to enhance viral polymerase activity in mammalian cells (Song
et al., 2009; Cheng et al., 2014; Swieton et al., 2018), which is consistent
with our findings. Additionally, we observed that Ile-97 in PA enhances
viral polymerase activity by promoting the assembly of the polymerase
complex. The other PA mutations, PA-I545V and PA-S594G, were also
68
newly described in IAVs. In addition, the ratio of PA-545V in mammalian
H9N2 strains was higher than that of avian H9N2 isolates, suggesting
valine in PA-545 may be biased for H9N2 mammalian adaptation. The
C-terminal domain of the PA protein is involved in host transcription
factor hCLE interactions (Huarte et al., 2001; Ping et al., 2011) and PB1
binding (Ohtsu et al., 2002; He et al., 2008; Obayashi et al., 2008);
PA-I545V and PA-S594Gwere both adjacent to the hCLE binding site. We
inferred that PA-I545V and PA-S594G might affect the interaction be-
tween PA and hCLE to affect the modification of RNA synthesis (Nagata
et al., 1989; Shimizu et al., 1994; Ping et al., 2011), though the exact
mechanism by which the two PA mutations promote viral replication is
unclear.

Our data showed that the three PA mutations impaired the contri-
bution of the three HA mutations to replication efficiency in vitro. We
found that multiple mutations in HA and PA proteins were functionally
antagonistic to viral replication. According to a mini-genome replicon
system, PA-T97I and PA-I545V synergistically enhanced viral polymerase
activity in mammalian cells. However, PA-T97I and PA-I545V exerted
antagonistic effect on live viral replication in the A549 cells. These
seemingly contradictory results may be because the mini-genome repli-
con cannot completely replicate live virus replication. Meanwhile, the
antagonistic effect of PA-T97I and PA-I545V on recombinant viral
replication in A549 cells could be compensated for when combined with
PA-S594G. Therefore, we hypothesized that the combined mutation of
the amino acid sites in the PA gene is indispensable to maintaining a
balance in viral replication. However, the detailed mechanism requires
further investigation.

The study represents a pioneering effort to identify the antagonistic
effect of mutations in HA and PA proteins on viral replication in vitro.
Our findings suggest that this strategy may be involved in the
mammalian adaptation of the H9N2 virus. Nonetheless, our study has
certain limitations. Specifically, while we have demonstrated the
antagonism of these mutation sites on viral replication at the cellular
level, it remains unclear whether these sites have similar effect on viral
replication in vivo and whether antagonism at these sites contributes to
viral evasion of host immune surveillance. These gaps in knowledge
present opportunities for further research in this area. Overall, our study
underscores the molecular mechanism underlying the adaptation of
avian H9N2 virus to mammalian hosts, highlighting the importance of
balancing trade-offs during adaptation for viruses to persist in host
populations. These findings may have crucial implications for under-
standing the molecular basis of viral pathogenesis and the development
of effective antiviral treatments.

5. Conclusions

In summary, we investigated the genetic changes of a chicken-
isolated H9N2 virus during mouse adaptation, and identified six muta-
tions in HA and PA proteins that enhance replication efficiency and
pathogenicity in vitro and in vivo. Furthermore, we observed the antag-
onistic effect of certain mutations in the HA and PA proteins on viral
replication. Our study describes a genetic mechanism by which H9N2
adapts to mammalian hosts and highlights the importance of balancing
trade-offs during adaptation for viruses to persist in the mammalian host
population.
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