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A B S T R A C T

H9N2 avian influenza viruses (AIVs) circulate globally in poultry and have become the dominant AIV subtype in
China in recent years. Previously, we demonstrated that the H9N2 virus (A/chicken/Eastern China/SDKD1/2015)
naturally harbors a mammalian-adaptive molecular factor (627K) in the PB2 protein and is weakly pathogenic in
mice. Here, we focused on new markers for virulence in mammals. A mouse-adapted H9N2 virus was serially
passaged in mice by infecting their lungs. As expected, infected mice showed clinical symptoms and died at
passage six. A comparison between the wild-type and mouse-adapted virus sequences identified amino acid
substitutions in the hemagglutinin (HA) protein. H9N2 viruses with the T187P þ M227L double mutation
exhibited an increased affinity to human-type (SAα2,6Gal) receptors and significantly enhanced viral attachment
to mouse lung tissues, which contributed to enhancing viral replication and virulence in mice. Additionally, HA
with the T187P þ M227L mutation enabled H9N2 viral transmission in guinea pigs via direct contact. AIV
pathogenicity in mice is a polygenic trait. Our results demonstrated that these HA mutations might be combined
with PB2-627K to significantly increase H9N2 virulence in mice, and this enhanced virulence was achieved in
other H9N2 AIVs by generating the same combination of mutations. In summary, our study identified novel key
elements in the HA protein that are required for H9N2 pathogenicity in mice and provided valuable insights into
pandemic preparedness against emerging H9N2 strains.

1. Introduction

H9N2 avian influenza viruses (AIVs) affect poultry worldwide. In 1966,
this influenza A virus subtype was originally isolated from turkeys in the
United States (Homme and Easterday, 1970) and over the following de-
cades, migratory birds spread it to Eurasia, Middle East and Africa (Alex-
ander, 2003). During the 1990s, H9N2 AIVs, which were initially isolated
from chickens in southern China, became prevalent in poultry (Guan et al.,
1999; Pu et al., 2015). Typically, they cause mild clinical signs in poultry,
such as respiratory disorders, reduced egg production, and decreased body
weight, resulting in significant economic losses.

H9N2 AIVs pose great challenges to both poultry production and
public health. H9N2 AIVs can increase the viral pathogenicity and

infectivity of the novel reassortant H7N9, H5N6, H10N8 and H10N3
subtypes in humans by contributing whole sets of internal genes (Chen
et al., 2013, 2014; Shen et al., 2016; Liu et al., 2022). H9N2 AIVs are also a
potential threat to public health because they can cross the species barrier
even infecting humans. In 1999, the first human case was confirmed in
Hong Kong (Peiris et al., 1999), and in subsequent surveillance,
cross-species transmissions of H9N2 AIVs have occasionally been reported
in Chinese mainland, Egypt, Bangladesh, Pakistan, and Oman (Peacock
et al., 2019). There has been a significant increase in laboratory-confirmed
human H9N2 infections in recent years, with a total of 57 reported cases to
WHO since December 2015 and 16 cases in 2021 (WHO, 2022). Most
human infections are only associated with mild clinical symptoms except
for one reported death of a 57-year-old woman who was infected with
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H9N2 but also had underlying health conditions (Peacock et al., 2019).
Additionally, most human infection cases were exposed to H9N2 AIV
through contact with infected poultry or environmental contamination,
and no case clusters have been reported (WHO, 2022). In addition to the
diagnosis of H9N2 viral infection, extensive serological evidence has
shown poultry workers with high seropositivity rates among many enzo-
otic countries (Khan et al., 2015). In summary, cross-species transmissions
of H9N2 AIVs from poultry to humans occur frequently, but this influenza
A virus subtype usually results in mild or no symptoms and unsustainable
human-to-human transmission. This suggests that H9N2 can infect
humans across interspecies barriers, but there are other factors that limit
the virulence to humans.

An epidemiological survey on AIV in China between 2014 and 2016
determined that H9N2 was the dominant subtype in northern China at
that time (Bi et al., 2016; Liu et al., 2020). The 2016–2019 survey showed
that positivity rates had substantially declined for other AIVs but
increased annually for H9N2 AIV, which dominates in Chinese mainland
(Bi et al., 2020; Guo et al., 2021; Liu et al., 2020). More importantly,
H9N2 has become the most prevalent subtype in ducks and chickens,
which increases the potential for reassortment with other AIV subtypes
(Bi et al., 2020). Thus, H9N2 circulation has become highly complex in
China. The high H9N2 positivity rates imply that the virus will have more
opportunities to infect humans, especially if it acquires effective human
receptor-binding capacity (Bi et al., 2020).

During our AIV surveillance of live-bird markets in eastern China, we
isolated one H9N2 strain A/chicken/Eastern China/SDKD1/2015
(SDKD1) that naturally harbored molecular factors for adaption to
mammals in the hemagglutinin (HA; 226L and 228S) and PB2 (627K)
proteins (Liu et al., 2021), indicating that H9N2 had acquired the ability
to adapt to mammals. Although SDKD1 can bind to human receptor an-
alogs (SAα-2,6-Gal) and prompt viral replication in mammalian cells, it is
weakly pathogenic in mice (Liu et al., 2021). To identify other key
virulence markers of the H9N2 virus in mammals, we performed a
serial-passaging experiment using the SDKD1 strain in mice. Our results
suggested that amino acid substitutions in both the HA protein and
PB2-627K contributed to H9N2 virulence in mice.

2. Materials and methods

2.1. Viruses and cell lines

The H9N2-subtype AIVs, A/chicken/Eastern China/SDKD1/2015 and
A/chicken/Eastern China/AH320/2015, were obtained from chickens
that appeared to be in good health in eastern China and reserved in our
laboratory (Liu et al., 2021). Nucleotide sequences of SDKD1 and AH320
were available from Global Initiative on Sharing all Influenza Data
(https://platform.gisaid.org, GISAID) under accession numbers
EPI1800491 to EPI1800498 and EPI2080949 to EPI2080956, respec-
tively. The viruses were amplified in 9-day-old specific-pathogen-free
(SPF) embryonated eggs (Merial, China) and properly stored at �80
�C. Primary chicken embryo fibroblasts (CEFs) were prepared in our lab.
Human embryonic kidney (293T), Madin-Darby canine kidney (MDCK),
and human lung carcinoma (A549) cells were grown in Dulbecco's
modified Eagle's medium (DMEM; Invitrogen, USA) with 10% fetal
bovine serum (FBS; Gibco, New Zealand).

2.2. Passaging of H9N2 AIV in BALB/c mice

The mouse-adapted H9N2 variants were generated by serial mouse
lung-to-lung passages, as described previously (Li et al., 2014b). Briefly,
6-week-old BALB/c mice were lightly anesthetized with pentobarbital
sodium and intranasally infected with 50 μL of 106.0 50% egg infectious
dose (EID50) of wild-type H9N2 (SDKD1). After 3 days post-inoculation
(dpi), lungs of infected mice were collected, homogenized, and centri-
fuged. Supernatant aliquots (50 μL) were collected and used to inoculate
naïve mice for subsequent passages. After six passages, viruses from the

lung homogenates of every passage were amplified in chicken embryos.
Passage-six (SDKD1-P6) viruses were purified in MDCK cells for three
rounds, as documented previously (Hayden et al., 1980).

2.3. Sequence analysis

Viral RNA was extracted for PCR amplification by using the com-
mercial kit (TransGen, China). Two-step reverse transcription PCR was
carried out as described previously (Hoffmann et al., 2001). Then Sanger
sequencing was performed on the purified PCR products. Full amino acid
sequences of SDKD1-P6 virus were aligned with those of the SDKD1-WT
virus using MEGA 7 (Sinauer Associates, Inc., USA).

2.4. Plasmid construction and viral rescue

All gene segments of A/chicken/Eastern China/SDKD1/2015 and
A/chicken/Eastern China/AH320/2015 were cloned into the pHW2000
vector, as previously described (Hoffmann et al., 2000). Mutations in the
HA gene (T187P, M227L, T187P þM227L) and PB2 gene (K627E) of the
SDKD1-WT virus, along with mutations in theHA gene (T187PþM227L)
and PB2 gene (E627K) of the AH320-WT virus, were generated using the
Fast Mutagenesis System kit (TransGene, China). Eight plasmids were
co-transfected into 293T cells using the Lipofectamine 2000 Reagent
(Invitrogen, USA). Culture supernatant aliquots were harvested at 72 h
post-transfection, and 9-day-old chicken embryos were infected and
incubated for 96 h. Parental and mutant viruses were purified for three
rounds and confirmed by sequencing. Aliquots of viral fluid were stored
at �80 �C.

2.5. Mouse pathogenicity experiments

BALB/c mice (female, 6 weeks old), were provided by the Yangzhou
Experimental Animal Center (China). The mice (n ¼ 5, per group)
intranasally inoculated with 50 μL of 103.0–107.0 EID50 of each virus
strain diluted in sterile phosphate-buffered saline (PBS) after anesthesia.
Changes in body weight and mortality among the mice were recorded
over the following 14 days, and humane euthanasia was used for mice
that had lost 25% or more of their original weight. The Reed and Muench
method was used to calculate the 50% mouse lethal dose (MLD50) (Reed
and Muench, 1938). To examine viral distribution in the respiratory
system, three mice were inoculated with 106.0 EID50 of the virus and
euthanized at 1, 3, and 5 dpi. Mouse lungs, tracheas, and nasal turbinates
were collected and homogenized in 1.0 mL of PBS used for determining
viral titers by performing the EID50 assay. A portion of lungs (left, 30%)
from each mouse group at 3 dpi was collected for histopathological
examination.

2.6. Guinea pig transmissibility experiments

The method used in this part has been previously described in detail
(Liu et al., 2022). Briefly, nine guinea pigs (Vital River Laboratories,
China) were divided into three equal groups, infection, contact and
aerosol group, respectively. The route of transmission is determined by
measuring the virus titer from the collected nasal wash and serocon-
version rates among all animals.

2.7. Growth dynamics of mutant virus in different cell lines

To evaluate the growth dynamics in vitro, MDCK, A549, and CEF cells
were infected with selected viruses at a multiplicity of infection (MOI) of
0.001 50% tissue culture infectious dose (TCID50). Each test was per-
formed in triplicate, and samples were incubated at 37 �C. Following 8,
12, 24, 36, 48, and 60 h post-infection (hpi), supernatants were har-
vested. Viral titers were expressed as the TCID50/mL in MDCK cells.
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2.8. Receptor-binding specificity assay

Viral receptor affinity was evaluated by a solid-phase binding assay,
as described previously (Li et al., 2014a). Briefly, two biotinylated
chemically synthesized trisaccharides, including avian receptor analogs
(30SLN) and human receptor analogs (60SLN) (GlycoTech, USA), were
added to wells following gradient concentrations and bound to 96-well
streptavidin-coated microtiter plates (Thermo Fisher, USA). PBS with
2% skim milk powder was used for blocking the microtiter plates, and
128 HA units of live virus were added to each well. The plates were
incubated with chicken antiserum obtained for each virus and subse-
quently with horseradish peroxidase-conjugated rabbit anti-chicken IgG
antibody (Sigma, USA). Aliquots of 1 mol/L H2SO4 were added after TMB
reagent, and the absorbance was measured at 450 nm. Each sample was
measured in triplicate.

2.9. Virus binding to cells and tissues

A549 and CEF cells in 96-well-plates were incubated with 64 HA units
of wild type (WT) or mutant viruses at 4 �C for 1 h. Then, cells were
washed thrice in cold PBS and fixed for 1 h in 4% paraformaldehyde. The
washing step with cold PBS was repeated thrice to prepare cells for the
incubation with the corresponding chicken antiserum at a 1:500 dilution
(1 h at 4 �C). The washing step with cold PBS was again repeated thrice,
and cells were incubated for 1 h at 4 �C before adding a 1:1000 dilution of
the secondary antibody (anti-chicken IgG conjugated with FITC; Life
Technologies, USA). Cells were again washed thrice with cold PBS, and
the nuclei were stained with DAPI dye (Beyotime Biotechnology, China)
for 10 min at 37 �C, and observed under a fluorescence microscope
(Nikon). The preparation of tissue sections has been described detailedly
in our previous research article (Liu et al., 2022). The following steps
were similar with the procedure described in virus binding to cells.

2.10. Determination of plaque morphology

After washing monolayers of MDCK cells in 6-well dishes twice with
PBS, a serial dilution of the virus was seeded per well. Incubated for 1.5 h,
cells were washed twice with PBS followed by covering with DMEM
containing 0.8% agar (Sigma, St. Louis, MO, USA) and 2% FBS. After in-
cubation for 72 h in 5% CO2 at 37 �C, fixed cells were stained with a
formaldehyde solution containing 1% crystal violet, and observed for
plaque morphology. Plaque size was measured using Image Pro-Plus,
version 6.0 (Media Cybernetics, USA), and as many as possible of pla-
ques were conducted to ensure the accuracy. The plaque size of the mutant
viruses was indicated as x-fold increase compared to the wild type virus.

3. Results

3.1. Derived mouse-adapted H9N2 viruses

In previous studies, the H9N2 isolate SDKD1-WT displayed weak
pathogenicity in mice, suggesting human adaption mutations in HA
(Q226L, G228S) and PB2 (E627K) were insufficient to enhance the
virulence of this strain in mammals. In the present study, the SDKD1-WT
isolate was serially passaged in mice to increase its virulence. As ex-
pected, infected mice showed clinical symptoms and died at passage six,
the MLD50 value was 3.6 log10 EID50. Thus, we successfully derived a
mouse-adapted variant SDKD1-P6.

3.2. Mapping the crucial HA mutation sites required for increasing the
H9N2 AIV pathogenicity in mice

Whole genome sequencing of SDKD1-WT and SDKD1-P6 was per-
formed to identify the adaptive mutations correlated with the increased
virulence in mice. An alignment of the full coding sequences of SDKD1-
WT and SDKD1-P6 identified two amino acid substitutions (T187P and

M227L) and a deletion of three consecutive amino acids (Δ222–224) in
the HA protein. No other proteins had amino acid mutations.

Next, we generated a series of mutant viruses by reverse genetics to
identify amino acid mutations that contributed to the pathogenicity of
the mouse-adapted variant in mice. We used SDKD1-WT as the backbone
to generate rSDKD1-WT and four mutant viruses: rSDKD1-T187P,
rSDKD1-M227L, rSDKD1-T187PþM227L and rSDKD1-P6 (three consec-
utive amino acids deletion, Δ222–224, was not common in nature, so we
did not study it). We assessed the virulence by intranasally inoculating
groups of mice (n ¼ 5) each with 103.0–107.0 EID50 of rSDKD1-WT,
rSDKD1-T187P, rSDKD1-M227L, rSDKD1-T187PþM227L or rSDKD1-P6,
which was followed by a 2-week observation period. The corresponding
MLD50 values were as follows: rSDKD1-WT, > 7.5 log10 EID50; rSDKD1-
T187P, > 7.5 log10 EID50; rSDKD1-M227L, > 7.5 log10 EID50; rSDKD1-
T187PþM227L, 4.4 log10 EID50; rSDKD1-P6, 3.6 log10 EID50 (Fig. 1).
Thus, the T187PþM227L double mutations in HA were the key markers
to enhanced the virulence of H9N2 in mice.

We performed a histopathology analysis of lung tissues recovered from
normal mice and infected mice at 3 dpi. In comparison with lung tissues
from control group, no pathological damage in lungs of the rSDKD1-WT
group existed (Fig. 2A). However, infections by the rSDKD1-
T187PþM227L was associated with more severe characteristics, including
localized bronchointerstitial pneumonia, bronchial lumen erythrocyte
infiltration, and interstitial widening, which displayed occasional foci of
necrosis of bronchial and bronchiolar epithelial cells, multifocal hemor-
rhaging, and inflammatory cell infiltration (Fig. 2A).

To further investigate mechanisms contributing to the increased
pathogenicity in mice, we quantified replication capacities of WT and
mutant viruses in mouse respiratory tissues (lung, turbinates, and tra-
chea) at different infection stages. Three mice from the rSDKD1-WT and
rSDKD1-T187PþM227L (106.0 EID50) groups were euthanized at 1, 3,
and 5 dpi, and respiratory tissues were collected to determine viral titers.
Consistent with the body weight loss results, higher viral titers were
observed in lungs and tracheas from the mice infected with mutant vi-
ruses, compared to those inoculated with the WT virus (Fig. 2B). How-
ever, viral replication in the nasal turbinates did not significantly vary
between the WT and mutant viruses (Fig. 2B). Thus, the elevated viru-
lence of certain mutant viruses in our study might result from an
increased viral replication in the respiratory system.

3.3. Growth dynamics of mutant virus in different cell lines

To emulate host-switching events in vitro, replication ability of the
pathogenicity-associated mutant viruses were tested in different host
cells. MDCK, A549 and CEF cells were inoculated with viruses at an MOI
of 0.001, to quantify the viral replication dynamics during an overt
infection (8–60 hpi). In mammalian cells (MDCK and A549), viruses
carrying pathogenicity-associated mutation generated significantly
higher titers than the rSDKD1-WT virus during the initial infection stages
(8 and 12 hpi), whereas the viral titers did not significantly differ during
the middle and late infection stages (Fig. 3). Additionally, the viral
growth kinetics did not differ in the avian-derived CEF cells (Fig. 3).
These results indicated that the pathogenicity-associated HA mutations
primarily increased the viral replication ability in mammalian cell lines
during the initial infection stages.

3.4. Transmission of the of mutant virus in Guinea pigs

To assess the role of the amino acid mutations in HA in spreading the
H9N2 AIVs among mammals, we examined the transmission of these
viruses by infecting naïve guinea pigs via direct contact and respiratory
droplets. In the rSDKD1-WT groups, viruses were only isolated from
inoculated animals, and neither the virus from the nasal washes, nor
H9N2 seroconversion was detected among the contact or aerosol groups,
indicating the absence of horizontal transmission during the 21-day
infection period (Fig. 4). However, the rSDKD1-T187PþM227L virus
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were transmitted to one direct contact guinea pig (Fig. 4, Table 1). These
findings demonstrated that mutant virus did not acquire the ability to
spread via respiratory droplets, but the T187PþM227L double mutation
combined with PB2-627K enabled H9N2 viral transmissibility among
guinea pigs via direct contact.

3.5. Mutant virus had increased affinity for human-type receptors

One natural barrier preventing AIV adaptation in mammals is the
difference between avian and human receptor types. We initially evalu-
ated receptor-binding preference of the rescued WT and mutant viruses.
The control viruses of A/California/04/2009 [H1N1 (CA04)] and
A/mallard/Huadong/S/2005 [H5N1 (HD05)] showed an absolute pref-
erence for human-type (SAα-2,6 Gal) and avian-type (SAα-2,3 Gal),
respectively (Supplementary Fig. S1). The rSDKD1-WT and rSDKD1-
T187P þ M227L could bind to both the avian-type (SAα2,3Gal) and
human-type (SAα2,6Gal) receptors (Fig. 5A). However, the rSDKD1-
T187PþM227L virus had a lower affinity to SAα2,3Gal and a higher

affinity to SAα2,6Gal than the rSDKD1-WT virus, indicated that these HA
mutations increased the viral affinity to human-type receptors.

Because many of the glycan structure components presenting on the
SAα2,3Gal and SAα2,6Gal receptors were unavailable in synthetic sub-
strates, affinities of the WT and mutant virus for different receptors were
directly tested on mammalian and avian cells and tissues (Walther et al.,
2013; Ning et al., 2009). We measured the fluorescence intensity after
incubating the viruses with A549 and CEF cells for 1 h. The incubation
with rSDKD1-T187PþM227L generated significantly higher fluorescence
intensities in A549 cells than the incubation with rSDKD1-WT (Fig. 5B and
C), indicated that these HA mutations increased the ability of the virus to
bind to human-derived A549 cells but not to avian-derived CEF cells.

We also examined the host tissue tropism of the rescued WT and
mutant virus by incubating themwithmouse lung and duck intestinal tract
tissue sections. The former displays mainly SAα2,6Gal receptors (Ning
et al., 2009; Teng et al., 2016), but the latter contains various glycan re-
ceptors with SAα2,3Gal as terminal receptor components (Song et al.,
2017). Consistent with the viral binding test results in cells from different

Fig. 1. Mapping of crucial mutation sites in HA protein that increased H9N2 AIVs virulence in mice. Five six-week-old female BALB/c mice per group were inoculated
intranasally with 50 μL of PBS containing 103.0–107.0 EID50 of mutated viruses. Body weight and survival were monitored daily for 14 dpi. The body weights of each
group were shown as mean with standard deviation. Mice were humanly sacrificed when losing � 25% of the initial body weight.
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species, HA mutations increased the viral binding ability to mouse lung
tissue but not to the duck intestinal tract sections (Fig. 5B and C). These
results indicated that T187P þ M227L combined mutation in HA protein
increased the binding affinity of the virus to human-type receptors.

3.6. Mutant virus formed large plaques in MDCK cell monolayers

We assessed the replication of the parental WT and mutant virus by
comparing their ability of plaque formation in MDCK cell monolayers.
rSDKD1-T187PþM227L formed larger plaques than the parental rSDKD1-
WT (Fig. 6). The plaque size associated with the HA mutants were het-
erogeneous, which probably caused by the use of non-synchronized cells
for infection instead of mixed viral populations. Therefore, HA mutations
were associated with the changed plaque morphology, and these HA mu-
tants promoted the replication ability, compared to the WT virus.

3.7. The combination of HA mutant variant with PB2 627E did not
enhance H9N2 pathogenicity in mice

AIV polymerases have been confirmed to play a role in mammalian
adaption, especially the PB2 E627K substitution (Liu et al., 2019; Hatta
et al., 2001; Linster et al., 2014; Mok et al., 2014; Shi et al., 2017; Zhang
et al., 2013). The PB2 E627K substitution enhances viral polymerase ac-
tivity, which promotes viral replication and increases pathogenicity. To

Fig. 2. T187P þ M227L double mutations in HA enhanced H9N2 virulence in vivo. A Histopathology of the lungs of mice inoculated with wild-type (WT) and mutant
virus. At 3 dpi, lungs were collected from mice inoculated with 106.0 EID50 of WT and mutant viruses, and were fixed with formalin, embedded in paraffin and stained
with hematoxylin and eosin. The images were obtained at a magnification of � 20. Scale bar ¼ 100 μm. B Replication of the WT and mutant virus in respiratory system
of infected mice. Three mice inoculated with 106.0 EID50 of desired viruses were euthanized on 1, 3 and 5 dpi. Lung, trachea and nasal turbinate were collected and
homogenized in 1.0 mL of PBS. Virus titers were determined by performing EID50 assay per 0.1 mL in 9-days-old SPF chicken embryos. The values are expressed as
means with standard deviations. Statistical analysis was performed by GraphPad software, and statistical significance was assessed by using the two-tailed unpaired
Student's t-test.

Fig. 3. Growth dynamics of wild type (WT) and mutant virus in different cell lines. MDCK, A549, and CEF were inoculated with the indicated viruses at a multiplicity
of infection (MOI) of 0.001 TCID50/cell in triplicate at 37 �C. Supernatants were aseptically harvested at 8, 12, 24, 36, 48, and 60 hpi. The virus titers were determined
by performing TCID50 per 0.1 mL in MDCK cells. Statistical analysis was performed by GraphPad software, and statistical significance was assessed by using the two-
tailed unpaired Student's t-test. **P < 0.01, ***P < 0.001, ****P < 0.0001.

Fig. 4. Horizontal transmissions of wild type (WT) and mutant virus in guinea
pigs. Groups of guinea pigs seronegative for influenza viruses (n ¼ 3) were
inoculated with 106.0 EID50 of the indicated viruses. On the next day, the three
inoculated guinea pigs were individually paired by co-housing with a direct-
contact guinea pig. In addition, three aerosol contact guinea pigs were housed
in a wire frame cage adjacent to that of the infected guinea pig. The distance
between the cages of the infected and aerosol-contact guinea pigs was 5 cm
apart. Nasal washes were collected from all animals for virus shedding detection
every other day beginning on day 1 after the initial infection. Virus titers were
determined by EID50 assay per 0.1 mL in 9-days-old SPF chicken embryos. Each
color bar represents the virus titer in an individual animal.
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explore the effect of HAmutations on viral virulence in the presence of PB2
627E, we rescued the rSDKD1-WT-K627E and
rSDKD1-T187PþM227LþK627E mutant variants. We inoculated five
BALB/c mice per group with 106.0 EID50 of the indicated virus variants
(Fig. 7).Nomicediedduring the post-infection period, indicating that these
virus variants were only weakly pathogenic in mice (MLD50 > 6.5 log10
EID50). Thus, as described above, the combination of the HA mutations
(T187PþM227L) with PB2-627K was critical for the virulence in mice.

3.8. The combination of HA mutation with PB2 627K enhanced the
pathogenicity of other H9N2 strains in mice

As described above, the H9N2 virus, SDKD1, naturally harbors
mammalian-adaptive molecular factors (PB2-627K) that combined with
HA protein mutations (T187PþM227L) and can enhance pathogenicity
in mice. In this study, we tested whether gaining these HAmutations also
affected the pathogenicity of other H9N2 viruses. We used the
A/chicken/Eastern China/AH320/2015 (AH320) (Supplementary
Table S1) backbone to construct reverse-genetic variants with HA

mutations combined with PB2-E627K. The AH320 strain has the avian
molecular marker, E residue at 627 aa in PB2. Five BALB/c mice per
group were inoculated with 106.0 EID50 of viruses only carrying HA
mutations (rAH320-T187PþM227L), and no mice died during the post-
infection period, indicating weak pathogenicity of these viruses in mice
(MLD50 > 6.5 log10 EID50; Fig. 8). However, virus variants containing
these HA mutations combined with PB2-627K (rAH320-
T187PþM227LþE627K) had significantly higher pathogenicity in the
mice than those in the rAH320-E627K variant. This result supported our
observations with the SDKD1 virus and illustrated that the combination
of HA mutants and PB2-627K could enhance the pathogenicity in other
H9N2 virus variants as well.

3.9. Prevalence of amino acid type at positions 187 and 227 of HA protein
in H9N2 viruses

In order to determine the prevalence of amino type of HA-187 and
HA-227 in different host-derived H9N2 viruses, available H9N2 HA se-
quences were downloaded from the GISAID database. As shown in
Table 2, HA-187T accounted for 98.39%, 100% and 100% of the avian-
derived, human-derived, and swine-derived H9N2 strains, respectively.
HA-187P was not discovered in natural H9N2 strains. Amino acid di-
versity was founded in position HA-227. As shown in Table 2, the pro-
portion of HA-227M (40.72%) and 227Q (40.44%) were approximately
close in avian-derived H9N2 strains. In addition, HA-227M was pre-
dominant in human-derived (64.41%) strains and 227Q was predomi-
nant in swine-derived (62.50%) strains. Although HA-227L was present
in natural H9N2 strains, the proportion (0.08%) was extremely low.
These data indicate that HA-T187P and M227L may pose a lower threat
to current global public health security.

Table 1
Seroconversion of guinea pigs.

Strains Seroconversion: no. positive/no. total (HI titers, log2)a

Inoculated Direct contact Aerosol

rSDKD1-WT 3/3 (7, 6, 7) 0/3 0/3
rSDKD1-T187PþM227L 3/3 (7, 7, 5) 1/3 (4) 0/3

a Sera were collected from guinea pigs on 21 days post inoculation and treated
with receptor destroying enzyme (RDE). Seroconversion was confirmed by HI
assay.

Fig. 5. Receptor binding properties of wild type (WT) and mutant virus. A Solid-phase receptor-binding assay. Direct binding of viruses to sialyl glycopolymers
containing either 30SLN-PAA or 60SLN-PAA was measured. The mean data shown are representative of three independent binding experiments. B Binding of WT and
mutant viruses to different host origin cell lines, duck duodenum and mouse lung tissues. Cells and tissues were incubated with each H9N2 virus and subsequently
incubated with an anti-H9N2 polyclonal antibody and an FITC-labeled secondary antibody and DAPI dye (blue), then observed under a fluorescence microscope. Green
staining indicated that virus binding occurred. Experiments were performed three times, with representative images shown here. Scale bar ¼ 100 μm. C Fold change of
green fluorescence intensity of mutant virus to WT in (B) was calculated. Statistical analysis was performed by GraphPad software, and statistical significance was
assessed by using the two-tailed unpaired Student's t-test.
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4. Discussion

H9N2 AIV circulates globally in poultry and has become the dominant
AIV subtype in China in recent years (Bi et al., 2020; Guo et al., 2021).
H9N2 has a significant negative impact on the poultry industry, causing
economic losses. Human H9N2 infections have significantly increased
since 2015, and H9N2 seroprevalence in poultry workers remains high
(Khan et al., 2015; Hoa et al., 2017), indicating that H9N2 AIV is also a
public health threat.

The adaptation of AIVs to mammalian hosts requires overcoming
some species-specific barriers in receptor binding and polymerase ac-
tivity (Taubenberger and Kash, 2010; Ciminski et al., 2021; Long et al.,
2019; Bisset and Hoyne, 2020). The switch to human-type receptors is a
prerequisite for H9N2 AIVs to transmit efficiently in mammals
(Thompson and Paulson, 2021; Sun et al., 2020; Shinya et al., 2006;
Peacock et al., 2020). Interestingly, most H9N2 viruses circulating in
China have a high affinity for human-type receptors (Bi et al., 2020; Li
et al., 2014c), which is similar to that observed for human influenza vi-
ruses (Ciminski et al., 2021; Matrosovich et al., 2000). As one of the two
types of viral surface glycoproteins, HA plays a critical role in overcoming
receptor-binding restrictions (de Vries et al., 2017a, 2017b; Van Hoeven
et al., 2009; Song et al., 2017). Here, we demonstrated that amino acid
mutations (T187P þ M227L) in HA could enhance the ability of the
H9N2 virus to bind to human-type receptors. Homology modeling results
(data not shown) indicated that the HA 187 aa residue was located near
the 190-helix, and the 227 aa residue was located in 220-loop of the

receptor-binding site (RBS). The RBS of the HA protein is critical for AIV
host range restriction (Stevens et al., 2006; Shi et al., 2014; Kong et al.,
2021). Our results highlighted that the newly identified mutations
(T187PþM227L) were required for enhancing the viral affinity to SAα2,
6Gal, and they appeared to be the most important factor for the increased
viral replication in mammalian cells at the early infection stages, along
with the ability to form larger plaques in MDCK cell monolayers and to
increase the pathogenicity in mice.

We previously showed that the SDKD1-WT virus could be transmitted
from chicken to chicken and from chicken to guinea pig via respiratory
droplets (Liu et al., 2021). However, a pandemic H9N2 AIV variant can
only emerge if it acquires the ability of continuous transmission between
humans, similar to the H1 and H3 viral strains (Watanabe et al., 2014). In
this study, T187P þ M227L double mutations combined with PB2-627K
were critical for mediating direct-contact transmission. However,
without other factors, newly identified mutations were insufficient for
respiratory droplet transmission in mammals, despite the high titers in
the nasal washes. Therefore, H9N2 needs to acquire more adaptive
substitutions to achieve effective transmission rates in mammals.

The pathogenicity of AIV in mice is a polygenic trait (Neumann and
Kawaoka, 2006;Watanabe et al., 2014; Hao et al., 2019; Kong et al., 2019).
Aside from the receptor-binding affinity conferred by HA, the polymerase
also functions as a virulence determinant (Song et al., 2014; Ma et al.,
2020; Mok et al., 2014; Liang et al., 2019; Klumpp et al., 1997). During AIV
replication, HA enhances cell tropism and mediates the binding of the
viruses to host cells (Long et al., 2019; Mair et al., 2014). Subsequently,
PB2 is required to optimize replication after entering targeted cells (Song
et al., 2014; Arai et al., 2019). Several studies have reported that
avian-derived AIVs also have the mammalian-adaptive substitution E627K
in the PB2 protein (Gu et al., 2020; Ge et al., 2018), indicating that several
subtype AIVs are evolving to adapt to mammals. SDKD1-WT naturally
harbors the E627K substitution in PB2, but this strain remains to be lowly
pathogenic in mice (Liu et al., 2021). Rescued H9N2 viruse containing
PB2-627E and the HA combined mutation (T187PþM227L) was weakly
pathogenic in mice. We found that combinations of PB2-627K with these
HAmutations were related to increased virulence inmice. Remarkably, the
combination of these HA mutations and PB2-627K contributed to the
pathogenicity of the SDKD1-WT virus and other H9N2 strain in mice as
well, which excluded strain specificity as a requirement for effective
pathogenicity.

5. Conclusions

In summary, our findings demonstrated that the H9N2 virus, which
naturally harbors PB2-627K, required other adaptive substitutions in the
HA protein to cross species barriers and enhance the viral virulence
phenotype in mice. We identified viruses with distinct HA mutations that
exhibited an increased affinity to human-type (SAα2,6Gal) receptors and

Fig. 6. Plaque-forming ability of wild type (WT) and mutant virus in MDCK
cells. For the detection of plaque-forming ability, MDCK monolayer cells were
infected with each H9N2 viruses, covered with an agarose-containing overlay
for 72 h and stained with crystal violet. The plaque size of the mutant viruses
was indicated as x-fold increase compared to the WT virus. Experiments were
performed three times, with representative images shown here. Statistical
analysis was performed by GraphPad software, and statistical significance was
assessed by using the two-tailed unpaired Student's t-test.

Fig. 7. HA mutations combined with PB2-627K enhance pathogenicity of the
H9N2 virus in mice. Five six-week-old female BALB/c mice per group were
inoculated intranasally with 50 μL of PBS containing 106.0 EID50 of each virus.
Body weight and survival were monitored daily for 14 dpi. The body weight of
each group were shown as mean with standard deviation. Mice were humanly
sacrificed when losing � 25% of the initial body weight.

Fig. 8. The effect that HA mutation combined with PB2627K can enhance the
pathogenicity in mice also works in other H9N2 strains. A series of recombinant
viruses were constructed based on A/chicken/Eastern China/AH320/2015
(H9N2) backbone. This strain possesses the avian molecular marker E at 627 aa
position in PB2 protein. Five six-week-old female BALB/c mice per group were
inoculated intranasally with 50 μL of PBS containing 106.0 EID50 of indicated
viruses. Body weight and survival were monitored daily for 14 dpi. The body
weight of each group were shown as mean with standard deviation. Mice were
humanly sacrificed when losing � 25% of the initial body weight.
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a significantly enhanced viral attachment to mouse lung tissues, which
was associated with an increased viral replication and virulence in mice.
Thus, our findings suggested that HA mutations T187P þ M227L syn-
ergized with PB2-E627K might promote H9N2 AIVs to cross species
barriers. Our study identified novel critical changes in the H9N2 surface
proteins, which facilitated the virulence in mice. Thankfully, T187P and
M227L mutations were not yet prevalent in current H9N2 strains.
Nevertheless, our study will provide early warning of pandemic caused
by potentially evolved H9N2 strains in future.
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