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Emerging zoonotic potential of H4N1 avian
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Abstract

Background Avian influenza virus (AlV), a zoonotic pathogen found worldwide, includes multiple subtypes, one of
which is the H4 subtype frequently detected in wild birds and poultry. Despite its prevalence, research on H4 subtype
AlV has been scarce, with a focus predominantly on the H4N2 and H4N6 subtypes. The zoonotic potential of H4N1
has not been investigated to date.

Methods In this study, we used gene sequencing in conjunction with bioinformatics methodologies to analyze
wild-type H4N1 AlV strain and mutant strains emerging from serial passaging in cell culture. Furthermore, we assessed
the zoonotic potential of H4NT and the alterations caused by mutations via a series of phenotype assays, including
evaluation of receptor binding affinity, immunofluorescence assays, analyses of growth kinetics across different
animal cell cultures, and in vivo pathogenicity studies.

Results Our research reveals that H4N1 AV can bind to human receptors and exhibits an affinity for human lung and
tracheal tissues. In vitro experiments demonstrate that H4N1 replicates efficiently in human cell lines. Furthermore,
animal studies demonstrate that H4N1 can induce pneumonia in mice without the need for prior adaptation to the
host. Notably, during passage in cell culture, H4N1 rapidly acquired two previously unreported mutations. These
mutations significantly enhanced the virus's ability to attach to human receptors and its capacity for replication.

Conclusions In summary, our study provides preliminary experimental evidence for the emerging zoonotic
potential of H4N1 AIV. These findings expand our knowledge of the H4 subtype AV and reinforce the critical need for
continued surveillance of AV to prevent and prepare for potential outbreaks affecting human health.

Keywords Avian influenza virus, Novel H4N1 subtype, Zoonotic potential, Public health, One health

*Correspondence: Department of Pathology, Chongging Changshou District Maternal and
Xiaobin Peng Child Health Hospital, Chongqing, China

pengxiaobin85@163.com 3Department of Respiratory and Critical Care Medicine, The People's
Shuang Chen Hospital of Changshou District, Chongging, China

39690490@qq.com “4Chonggqing Center for Disease Control and Prevention, Chongqing,
'Chongging Changshou Center for Disease Control and Prevention, China

Chongging, China

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12985-025-02736-4&domain=pdf&date_stamp=2025-4-18

Peng et al. Virology Journal (2025) 22:106

Introduction

Influenza A virus (IAV) is a significant global public
health threat. As a zoonotic pathogen, IAV can infect a
wide range of species, some of which cause infection
in humans [1]. Based on the differences in two surface
glycoproteins: hemagglutinin (HA) and neuraminidase
(NA), IAVs can be classified into multiple subtypes [2].
Among them, avian influenza viruses (AIVs) from water-
fowl have 16 HA subtypes (H1-H16) and 9 NA subtypes
(N1-N9) [3], whereas IAV-like viruses from bats have 2
subtypes (H17N10 and H18N11) [4]. Some researchers
suggest that influenza viruses in poultry and mammals,
including humans, have evolved either directly or indi-
rectly from AIVs [5]. Occasionally, AIVs spilled over into
the human population, resulting in sporadic infections
and occasional epidemics [6]. For instance, AIV sub-
types H5, H6, H7, H9, and H10 have been responsible for
tens of thousands of infections and thousands of fatali-
ties globally [7]. Notably, the H5N1 AIV clade 2.3.4.4b is
currently circulating across several states in the United
States and has spilled over to multiple species, including
humans, with the potential to trigger a new outbreak [8].
This development has drawn considerable attention from
the virology community. The possibility that other sub-
types, such as the H4 subtype commonly detected in wild
birds and poultry [9, 10], may also pose a risk of spillover
remains an open question.

Since its initial isolation from a duck in 1956, the H4
subtype has been documented across a wide range of
hosts, including various avian species [11-14], as well
as mammals [15, 16]. These findings suggest that the H4
subtype AIV possesses the capability to cross species bar-
riers and is capable of infecting mammals. Nevertheless,
research on the H4 subtype AIV remains limited, par-
ticularly regarding its zoonotic potential, with the major-
ity of studies concentrating on specific subtypes such as
H4N2 and H4NG6 [17, 18]. Consequently, there is a press-
ing need for further data to deepen our insights into this
specific AIV subtype.

To deepen our understanding of the H4 subtype ALV,
we performed an extensive detection of a novel and rare
H4N1 AIV to assess its zoonotic potential. Our objectives
focus on characterizing the profile of H4N1 AIV isolated
from live poultry market environments, identifying adap-
tive mutations that emerged from serial passaging in cell
culture, and assessing the functional implications of these
mutations for zoonotic potential via human receptor
binding assays, replication kinetics, and murine pathoge-
nicity studies.

Materials and methods

Ethic statements

All experiments involving non inactivated samples,
except for animal experiments, were performed in the

Page 2 of 14

biosafety level 2 facility at the Changshou Center for
Disease Control and Prevention, in strict accordance
with the recommendations of the institutional biosafety
manual. Animal experiments were carried out at Charles
River Laboratories and were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of
Charles River Laboratories (Permission number: BJ-GE-
24-139), and all procedures complied with the welfare
standards for laboratory animals.

Cell

Madin-Darby Canine Kidney (MDCK), human type II
alveolar epithelial (A549), and chicken-origin fibroblast
(DE-1) cells were purchased from Procell Life Tech-
nology Co., Ltd (www.procell.com.cn). All cell lines
were subjected to short tandem repeat (STR) profil-
ing to ensure no misidentification or cross-contamina-
tion and were cultured according to the manufacturer’s
recommendations.

Viruses

The virus  A/environment/chongqing/cs2301/2022
(abbreviated as CS01) is multiple reassortant strain
isolated from environmental samples collected in live
poultry markets. A/A549/chongqing/cs2301-A4/2024
(abbreviated as CS01-A4) is a mutant strain derived from
CS01 by continuous passage in A549 cells for 4 genera-
tions. A/A549/chongqing/cs2301-A7/2024 (abbreviated
as CS01-A7) a mutant strain derived from CS01-A4,
which was further passaged for 3 generations in A549
cells. The virus A/human/chongqing/F283/2024 (abbre-
viated as F283-HIN1) is a human HIN1 influenza virus
isolate obtained from nasopharyngeal swabs of influenza
patients. Additionally, the viruses A/duck/chongqing/
EWL19006/2019 (abbreviated as E006-HINZ2) is HON2
AV isolated from duck feces. All viruses were isolated,
purified, and sequenced by our laboratory, and the infor-
mation was uploaded to the GISAID database. The Isolate
ID can be found in the Availability of Data. The viruses
were cultured in MDCK cells, and the culture medium
was filtered through a 0.22-um filter membrane to pre-
pare a virus suspension. After sub packaging, they were
stored at -80 ‘C. The 50% tissue culture infectious dose
(TCIDgp) of each virus in MDCK cells was determined
using the Reed-Muench method. These five viruses
underwent exclusivity testing via genetic sequencing to
ensure that the results corresponded to the correct single
type, thereby ruling out the presence of other influenza
virus subtypes.

Genetic sequencing and bioinformatics analysis

The Respiratory Microorganisms Genome Amoplifica-
tion Kit (MGI Tech) and the MGIEasy Fast PCR-Free
ES Library Preparation Kit (MGI Tech) were used to
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construct the sequencing library. After library prepara-
tion, sequencing was performed on the next-generation
sequencing platform MGISEQ-200 (MGI Tech). To
acquire complete influenza virus gene sequences, the
generated sequencing data were analyzed using the Flu-
Track V1.0 bioinformatics tool (MGI Tech) [for further
details, please refer to Supplementary Material S1]. Bio-
informatics analysis was performed on the obtained
sequence. GeneQuest 7.1.1.44 (DNASTAR Lasergene)
was used to analyze open reading frames (ORFs) and
amino acid sequences. Sequence similarity analyses were
performed using MegAlign 7.1.0 (DNASTAR Lasergene).
HA subtype amino acid sequences were aligned using
the HA Subtype Numbering Conversion tool (http://w
ww.bv-brc.org/app/HASubtypeNumberingConversion).
Amino acid sequences were aligned and analyzed using
MEGA-X 10.2.3 (http://www.megasoftware.net). Analy
sis of variant site information was performed using the
GISAID EpiFlu Flusurver tool (http://platform.epicov.or
g/epi3/frontend#3f13c3).

Detection of Sialic acid receptors on the surface of red
blood cells

Flow cytometry was used to detect sialic acid recep-
tors on the surface of red blood cells. Sambucus Nigra
Agglutinin (SNA) preferentially binds to sialic acid on
the a-2,6-glycan linkage and has a lower degree of bind-
ing to the a-2,3 linkage [19]. In contrast, Maackia Amu-
rensis Lectin (MAL) has the opposite binding preference
[20]. Red blood cells were diluted to a concentration of
1x10% cells/ml with normal saline. A 50-uL aliquot of
the diluted red blood cells was mixed with 20 pL of APC-
conjugated SNA (2 pg/ml) (Qiyuebio) and 20 pL of FITC-
conjugated MAL (3 pg/ml) (Qiyuebio). The mixture was
vortexed and incubated at room temperature in the dark
for 25 min. Following incubation, 450 pL of normal saline
was added to the mixture, which was then analyzed on
a flow cytometer (Wellgrowtec). Fluorescence detection
was performed by setting gates with SSC-H and FSC-H
to measure APC and FITC fluorescence.

Removal of a2,3-sialic acid from red blood cells and
hemagglutination assays

a-2,3-Sialidase (TaKaRa) was diluted to a concentration
of 5 U/ml. 200 pL of the enzyme were mixed with 200 pL
of guinea pig red blood cells, and the mixture was incu-
bated at 37 °C for 30 min to remove «2,3 sialic acid from
the surface of the red blood cells. Following incubation,
the treated red blood cells were washed three times with
PBS to obtain a 1% red blood cell suspension. The sus-
pension was prepared and used immediately to ensure
experimental accuracy. The virus was diluted with nor-
mal saline to a titer of 1:2° HA (using guinea pig red
blood cells). 50 pL of the diluted virus were then applied
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to a 96-well cell culture plate with a U-shaped bottom for
serial dilution. Then, 50 pL of red blood cells were added
to each well, and the plate was incubated at room tem-
perature for 1 h.

Solid-phase binding assay

The receptor binding specificity was analyzed using a
solid-phase binding assay [21]. Briefly, biotinylated poly-
saccharides 3’-SLN-C3-PAA-biot and 6'-SLN-C3-PAA-
biot (GlycoNZ) were diluted in PBS, and 50 ul of each
dilution was added to streptavidin-coated high-binding
96-well plates (Pierce). The plates were incubated at
room temperature for 2 h. Following removal of the gly-
copolymer solution, the plates were blocked with 100 pl
of PBS containing 5% BSA for 1 h at room temperature.
The wells were then washed with ice-cold PBS containing
0.1% Tween 20 (PBST). Virus, diluted to 64HA units, was
added to the wells and incubated overnight at 4 °C. After
washing with PBST, 10% formalin was added to inactivate
NA protein activity and incubated for 30 min at room
temperature. The wells were washed again with PBST
before adding mouse polyclonal antibodies (targeting the
virus to be tested, prepared in-house) and incubating at
4 °C for 4 h. Subsequent to PBST washing, horseradish
peroxidase-conjugated goat anti-mouse IgG (Sino Biolog-
ical) was added and incubated at room temperature for
1 h. After another PBST wash, the plates were developed
with 100 pl of TMB horseradish peroxidase colorimet-
ric solution (Beyotime) at room temperature for 15 min.
The reaction was stopped with 50 pl of 1 M H2SO4, and
the absorbance was measured at 450 nm using an ELISA
reader. Data were visualized using GraphPad Prism 8
software.

Fluorescence staining of human lung and tracheal tissues

The immunofluorescence assay was performed as previ-
ously described [22], with some modifications. Briefly,
paraffin sections of airway and lung tissues (Tissue Array)
were deparaffinized and rehydrated. Antigen retrieval
was performed, followed by blocking with PBS contain-
ing 5% normal goat serum (Biosharp) at room tempera-
ture (RT) for 30 min to minimize non-specific binding.
The sections were then incubated with 64 hemagglutinin
(HA) units of the virus overnight at 4 °C. After washing
with cold PBS, the sections were fixed with 10% forma-
lin at RT for 30 min to inactivate neuraminidase (NA)
protein activity, followed by another wash with cold PBS.
Subsequently, the sections were incubated with mouse
polyclonal antibodies (targeting the virus to be tested,
prepared in-house) at 4 °C for 4 h. After washing with
cold PBS, the sections were treated with a goat anti-
mouse secondary antibody (Invitrogen) conjugated to
FITC and incubated at RT in the dark for 1 h. Following
another wash with cold PBS, the sections were stained
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with DAPI dye (Invitrogen) for 10 min and then observed
under a fluorescence microscope (Olympus). Fluorescent
images were processed using Image]J software.

Growth kinetics in different cell lines

To assess the in vitro growth kinetics of the virus, mono-
layers of MDCK, A549, and DEF-1 cells were inoculated
with the selected viruses at various multiplicity of infec-
tions (MOIs). The cells were first seeded onto a 6-well
plate and allowed to reach approximately 90% confluence
under optimal growth conditions. The growth medium
containing serum was then removed, and the cells were
washed with pre-warmed PBS. Subsequently, 200 pL of
the virus was added to each well and adsorbed at 37 °C
for 1 h. Following adsorption, the virus solution was
discarded, and the cells were overlaid with serum-free
growth medium. The plates were then incubated at 37 °C
in the presence of 5% CO,. The supernatant was collected
at 12, 24, 36, 48, 60, and 72 h post-inoculation. The viral
titer in A549 and DF-1 cells was determined by TCIDq,
For MDCK cells, the viral load was measured using a dig-
ital PCR instrument. Data were visualized using Graph-
Pad Prism 8 software.

Experimental infections in mice

To assess the pathogenic potential of H4N1 AIVs in
mammals, we inoculated BALB/c mice with CS01, CS01-
A4, CS01-A7, and PBS (as a control). We monitored the
changes in body weight of the mice over a 14-day period
post-inoculation and determined the virus titers in vari-
ous mouse organs. Six-week-old female BALB/c mice
were acclimated for one week before being divided into
groups. Three groups (9 mice per group) were intrana-
sally inoculated with 50 pl of CS01, CS01-A4, or CSO1-
A7 virus suspension, each containing 10° TCID,,/100
ul, to form the experimental groups. The virus solution
was slowly and meticulously instilled into the nasal cav-
ity of each mouse using a sterile pipette, ensuring that
the process was gentle enough to prevent any risk of
injury, without the need for anesthesia. Within each
experimental group, we randomly divided the mice into
a weight measurement subgroup (3 mice per group) and
an anatomical subgroup (6 mice per group). Addition-
ally, a control group was established, consisting of 3 mice
inoculated with 50 pl of PBS each. At 3 and 6 days post-
inoculation (dpi), 3 mice from each anatomical subgroup
were euthanized and dissected under sterile conditions
to obtain tissue samples, including nasal turbinates, tra-
chea, lungs, kidneys, and brain. Half of the tracheal and
left lung tissues were fixed in 4% paraformaldehyde for
histopathological sectioning, while the remaining tissues
were precisely weighed and preserved at -80 °C for viral
titer determination. For the determination of viral titer,
the frozen tissue samples were thawed, and 1 mL of PBS
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supplemented with ceramic beads was used to homoge-
nize the tissues using a tissue homogenizer. Subsequently,
the viral titer was determined by TCIDg, on MDCK cells.
For the mice in the weight measurement subgroup, we
monitored their body weight daily until the end of the
14-day observation period. These data were used to con-
struct a weight change chart. Data were visualized using
GraphPad Prism 8 software.

Results

Genetic sequencing and bioinformatics analysis

During growth kinetics assays, the CS01 H4N1 AIV was
serially passaged in the cell line, resulting in the isola-
tion of a series of mutated viruses. Notably, two mutant
strains, CS01-A4 and CS01-A7,exhibited distinctive
characteristics. These mutants showed higher virus yields
and stronger cytotoxicity. Specifically, the viral load of
these two mutant strains was more than fivefold higher
than that of the wild-type CS01 at 36 h post-inoculation,
and the onset of cellular pathology occurred more than
12 h earlier. Subsequent gene sequencing and amino
acid sequence analysis revealed that, compared to CS01,
the CS01-A4 and CS01-A7 mutants possess a R467Q
substitution in the HA gene. Additionally, aside from
the R467Q mutation, CS01-A7 also exhibits an A428T
change in the NP gene. No substitutions were identified
in other genes (Fig. 1). A detailed examination of these
mutations indicates that the arginine residue (a polar
basic amino acid) located at position 467 in the HA pro-
tein is replaced by glutamine (a polar neutral amino acid).
Concurrently, the alanine residue (a non-polar amino
acid) at position 428 in the NP protein is substituted
with threonine (a polar neutral amino acid). Based on the
analysis conducted using the EpiFlu Flusurver tool, both
mutated residues are implicated in the viral oligomeriza-
tion interfaces, and the R467Q mutation in the HA gene
is associated with the binding of small ligands, indicating
a potential role in modulating viral interactions with the
host.

Hemagglutination assays

The specificity of the HA binding to «2,6 sialic acid-
linked polysaccharide receptors (human receptors) and
to a2,3 sialic acid-linked polysaccharide receptors (avian
receptors) is acknowledged as a pivotal element in the
transmission of influenza viruses, serving as the primary
determinant of their host range [23]. To reveal this speci-
ficity, the hemagglutination assay is a classic method that
utilizes red blood cells (RBCs) from different species or
RBCs that have been treated with sialidase [24]. In this
study, we performed hemagglutination assays using horse
red blood cells (possess only a2,3 sialic acid, abbreviated
as a2,3 RBCs) and sialidase-treated guinea pig red blood
cells (possess only a2,6 sialic acid, abbreviated as 2,6
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Fig. 1 The results of bioinformatics analysis for CS01, CS01-A4, and CS01-A7. (a) The positions of mutations in HA are compared among CS01, CS01-A4,
and CS01-A7. (b) The R467Q mutation (indicated by red atoms) is located at position 124 on the viral chain F (with a yellow backbone) and is within a 5
A distance from the oligomeric subunit chain D (with a blue backbone). (c) The R467Q mutation (red atoms) aligns with position 1 on the viral chain C
(yellow backbone), and it is in close proximity, within 5 A, to another structural element. (d) The R467Q mutation (red atoms) is also found at position 124
on the viral chain B (yellow backbone) and is within 5 A of the ligand UNL (pink atoms). (e) The positions of mutations in NP are compared among CS01,
CS01-A4, and CSO1-A7. (f) The A428T mutation (red atoms) corresponds to position 428 on the viral chain A (yellow backbone) and is within a 5 A range

of the oligomeric subunit chain C (blue backbone)

RBCs) to assess the HA receptor-binding specificity of
the H4N1 AIVs. The strains examined in this study com-
prised CS01, CS01-A4, CS01-A7, in addition to Human
influenza virus F283-HIN1 and a AIV E006-HI9N2 as
control viruses.The results indicated that all three H4N1
AlIVs possess the capacity to bind to RBCs with either
a2,3 sialic acid or 2,6 sialic acid, while the human influ-
enza virus F283-HIN1 only bind to a2,6 sialic acid and
AIV E006-HIN2 only bind to 2,3 sialic acid (Fig. 2).
These findings suggest that H4N1 AIVs can bind to both
human and avian receptors simultaneously. Additionally,
CS01-A4 and CS01-A7 demonstrated a higher affinity for
human receptors compared to CSO1.

Solid-phase binding assay

To further validate the receptor-binding specificity of
the H4N1 AIVs, we used a solid-phase binding assay to
reassess the binding capabilities of CS01, CS01-A4, and
CS01-A7. This assay is an enhanced technique that allows
for the direct quantification of a virus’s ability to bind
to both a2,3 and a2,6 sialic acids (Fig. 3). The assay out-
comes revealed tha all three H4N1 AIVs were capable of
binding to both 2,3 and a2,6 sialic acids, with a higher
preference for a2,3 sialic acids. Additionally, CS01-A4
and CS01-A7 demonstrated a greater binding capacity
to 02,6 sialic acids compared to CS01, aligning with the
findings of the hemagglutination assay. These findings
provide further evidence that H4N1 AIVs can simulta-
neously bind to both human and avian receptors, and
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Fig. 2 Hemagglutination assay results for H4N1 AIVs. Flow cytometry analysis in (a) showed that the guinea pigs RBCs, treated with a2,3 sialidase, were
found to possess only a2,6 sialic acid. (c) showed that horses RBCs contain exclusively a2,3 sialic acid. The hemagglutination assay results using a2,6 RBCs
shown in (b), indicate that all three H4NT AIVs are capable of binding to a2,6 sialic acid, with CS01-A4 and CS01-A7 exhibiting a higher binding affinity
compared to CS01. As a control, the HINT human influenza virus bound effectively to a2,6 sialic acid, whereas the HON2 AlV did not exhibit binding to
02,6 sialic acid. (d) presents the hemagglutination assay results using a2,3 RBCs, which show that all three H4N1 AlVs and HIN2 AlV are capable of binding
to a2,3 sialic acid. The HIN1 human influenza virus did not exhibit binding to a2,3 sialic acid
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Fig. 3 The results of the solid-phase binding assay for H4N1 AlVs. The assay quantified the viruses'direct binding capacity to sialylated glycopolymers that
contained either a2,3 sialic acid (depicted in red) or a2,6 sialic acid (depicted in blue). Each data point represents the mean of three independent replicate
experiments. (@-c¢) showed that CS01, CS01-A4, and CS01-A7 demonstrated the capability to bind to a2,3 sialic acids. Additionally, all three viruses were
capable of binding to a2,6 sialic acids, and compared to CS01-A4 and CS01-A7, the binding affinity of CS01 is relatively weak. As a control, the human
influenza virus F283-H1N1 binds exclusively to a2,6 sialic acids (d), while the AIV EO06-HIN2 primarily binds a2,3 sialic acids (e)

that CS01-A4 and CS01-A7 exhibit a higher affinity for tissues, using the virus strains CS01, CS01-A4, and CS01-

human receptors than CS01 does. A7. The findings revealed that all three H4N1 AIVs were
capable of binding to both human tracheal and lung tis-
Host tissue tropism of H4N1 sues (Fig. 4). These results further indicated that H4N1

To further investigate the pathogenicity of the H4N1 AIV ~ AIVs can bind to human receptors and effectively adsorb
in humans, we tested its tissue tropism for the human onto human respiratory tract tissues.

respiratory tract. We performed fluorescence staining on

paraffin-embedded sections of human lung and tracheal
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Fig. 4 Fluorescence staining of human lung and tracheal tissues infected with H4N1 AlVs. The image showed the binding of CS01, CS01-A4, and CSO1-
A7 to paraffin-embedded sections of human lung and tracheal tissues. Green fluorescence indicated virus binding, and blue fluorescence marked the
nucleus. The left image showed the staining of human lung tissue, with local enlargements for CS01, CS01-A4, and CSO1-A7 revealing that the bronchiolar
and alveolar area of lungs were stained green. The right image displays the staining of tracheal tissue, with local enlargements showing that the tracheal
mucosal layer and submucosal layer were stained green. This experiment was replicated three times, and representative images are shown. The images
were taken by a fluorescence microscope (Olympus)

Growth kinetics of H4N1 in MDCK cells

The proteolytic activation of the influenza virus HA by
cellular enzymes is indispensable for the virus to trans-
form into an infectious form [25]. Pathogenicity of AIVs
correlates directly with the ability of the viruses to pro-
duce cleaved HA in infected cells in culture [26]. HA
could be cleaved by the addition of enzymes such as
trypsin or plasmin to the growth medium and that this
resulted in the enhancement of plaque-formingability
and a significant increase in virus yields [27]. To assess
the dependence of H4N1 AIV replication on exogenous
proteases, we inoculated minimal amounts of the CS01,
CS01-A4, and CS01-A7 virus strains into MDCK cells
and supplemented the serum-free medium with varying
concentrations of exogenous proteases (2, 1, and 0 pg/
mL of trypsin treated with N-p-tosyl-L-phenylalanine
chloromethyl ketone (TPCK)). The virus growth kinet-
ics and cytopathic effects (CPE) were monitored for a

period of 72 h post-inoculation. To assess the replication
of the virus, we used the copy number of the M gene as
a metric, in lieu of the traditionally employed TCIDg,
or plaque-forming units (PFU). This decision was made
because TCID;, and PFU are less sensitive to detecting
very low virus titers, which could result in misleading
negative outcomes. Results indicate that at a concen-
tration of 2 pug/mL TPCK-trypsin, CS01, CS01-A4, and
CS01-A7 replicated efficiently, with viral loads peaking
at 36 h post-inoculation (hpi), after which they declined
gradually. Among these, CS01-A7 exhibited the highest
viral load at the peak. Prior to reaching peak replication,
the replication efficiency of CS01-A7 was significantly
greater than that of CSO1 and CS01-A4 (P<0.05; see
Supplementary Table S1), and its cytopathic effect (CPE)
manifested earlier as well. When the concentration of
TPCK-trypsin was reduced to 1 pg/mL, all three strains
remained capable of effective replication, although
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differences in replication efficiency began to emerge.
Apart from no significant difference observed at 12
hpi, the replication efficiency of CS01-A7 was the high-
est (P<0.05 for all other time points). In the absence of
added TPCK-trypsin, none of the three strains was able
to replicate. These findings revealed that all three H4N1
AlV strains required the addition of exogenous proteases
to replicate efficiently in MDCK cells, suggesting that
they possess low pathogenicity. Additionally, the replica-
tion capacity of CS01-A7 in MDCK cells was superior to
that of the other two strains (Fig. 5).
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Growth kinetics of H4N1 in human cells and avian cells

Testing the replication ability of pathogenicity-associ-
ated mutant viruses in different host cells is a common
method for emulating host-switching events in vitro [28].
To assess the zoonotic potential of H4N1 AIVs in humans
and poultry, we inoculated CS01, CS01-A4, and CS01-A7
into A549 and DF-1, and monitored virus growth kinet-
ics up to 72 hpi. This method was designed to simulate
the replication of H4N1 AIVs in humans and chickens
in vitro. The results (Fig. 6) indicated that all three virus
strains replicated efficiently in both A549 and DF-1
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Fig.5 Replication kinetics of H4N1 AlVs in MDCK cells across different concentrations of TPCK-trypsin (a, ¢). MDCK cells were inoculated in triplicate with
a multiplicity of infection (MOI) of 0.0001. Post-inoculation, the cells were incubated at 37 °C, and culture supernatants were collected at 12, 24, 36, 48,
60, and 72 h post-inoculation (hpi) for viral load measurement using digital PCR (dPCR). Cytopathic effects (CPE) were monitored using an inverted phase
contrast microscope (Olympus) at X100 magnification (b, d). (@) The growth curve indicates that at a TPCK-trypsin concentration of 2 ug/mlL, the average
viral load of CS01, CS01-A4, and CS01-A7 rapidly increased until 36 hpi, followed by a gradual decline. Notably, the viral load of CS01-A7 was significantly
higher than that of CSO1 and CS01-A4 prior to 36 hpi. (b) By 24 hpi, pronounced CPE was observed in CS01-A7; however, significant CPE in CS01 and
CS01-A4 was evident at 48 hpi. (c) At a TPCK-trypsin concentration of 1 ug/mL, the growth curve shows that the average viral loads of CS01, CS01-A4, and
CS01-A7 increased over time, except at 72 hpi. Moreover, except for 12 hpi, the viral load of CS01-A7 remained higher than that of the other viruses. Each
data point represents the mean of three independent replicate experiments, and the CPE images are representative selections. Statistical significance
between viral loads at each hpi was analyzed by two-way analysis of variance (ANOVA) with Tukey's multiple comparisons test (Supplementary Table S1)
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Fig. 6 Replication kinetics of H4ANT AlVs in A549 (a) and DF-1 (b) cells. A549, DF-1 were inoculated in triplicate with an MOI of 0.01. Post-inoculation, the
cells were incubated at 37 °C, and culture supernatants were collected at 12, 24, 36, 48, 60, and 72 hpi for viral titer measurement. Viral titers were deter-
mined by titration in MDCK cells and expressed as TCIDs,. Each data point represents the mean of three independent replicate experiments. Statistical
significance between viral load at each hpi was analyzed by two-way analysis of variance (ANOVA) with Tukey's multiple comparisons test (Supplemen-

tary Table S2)

cells. Furthermore, regardless of the cell type, CS01-A7
exhibited a higher replication efficiency than the other
two strains, a difference that was statistically significant
(p<0.05). These results further suggest that H4N1 AIVs
can pose a threat to humans. Meanwhile, the replication
ability of CS01-A?7 is stronger than that of the other two
viruses.

Pathogenicity and replication of the H4N1 AlVs in mice
Mice have been an animal model for studying influenza
[29]. Figure 7a showed the pattern of body weight loss
in the inoculated mice: all three H4N1 AIVs induced a
decrease in body weight compared to the PBS control.
Notably, mice inoculated with CS01-A7 exhibited a more
pronounced loss of body weight than those inoculated
with the other two virus strains. Figure 7b displayed the
virus titers in tissue samples: high titers were detected in
the lungs, tracheas, and nasal turbinates at 3 and 6 days
post-inoculation (dpi). Specifically, at 3 dpi, the titers of
CS01-A7 in these respiratory organs were significantly
higher than those of the other two strains (P<0.05). Fur-
thermore, no virus was detected in the kidneys or brain
tissues (limit of detection was 100 TCID;,/0.1 g). These
findings suggest that all three H4N1 AIVs could decrease
mouse body weight without prior adaptation and effec-
tively replicate within the murine respiratory tract.
However, none of the viruses caused mouse mortality or
replicated efficiently in the urinary or nervous systems,
indicating their low pathogenicity. Importantly, CS01-
A7 demonstrated a greater ability to induce body weight
loss and replicate in the respiratory tract compared to the
other two viruses.

Histopathological analysis of the H4N1 AlVs in mice

To further assess the pathogenic effects of H4N1 avian
influenza viruses on mice, we conducted paraffin embed-
ding and sectioning of lung and tracheal tissues from
virus-inoculated mice. Hematoxylin-eosin (HE) stain-
ing was then performed to visualize and characterize
the pathological alterations within these tissue samples.
Figure 8a-c illustrates the HE staining results of lung tis-
sue sections, revealing that all three H4N1 AIVs induced
lung lesions, with varying degrees of severity. Similarly,
as shown in Fig. 8d-f, tracheal sections displayed lesions,
including ciliary necrosis and detachment, across all
samples. In summary, all H4N1 AIVs induced pathologi-
cal changes in the respiratory tract, with the CS01-A7
virus strain causing more pronounced lesions compared
to the other two strains.

Discussion

In this study, we demonstrated that H4N1 AIV has the
capacity to bind to human receptors, effectively adsorb
onto human respiratory tract tissues, and replicate effi-
ciently in human lung cells. These findings suggest its
potential for cross-species transmission to humans,
which is consistent with the hypotheses proposed by
previous bioinformatics predictions [30]. Furthermore,
H4N1 AIV induced symptoms of pneumonia and trache-
itis in mice without the need for prior adaptation, high-
lighting their mammalian pathogenicity. Additionally,
during a limited number of in vitro cell passages(4 and
7 passages), novel mutations arose in the HA and NP of
H4N1 AIV. These mutations enhanced the virus’s binding
affinity to human-type a2,6-linked sialic acid receptors,
accelerated replication kinetics in mammalian cells, and
increased murine pathogenicity. These traits—receptor
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Fig. 7 Pathogenicity and replication capacity of H4N1 avian influenza viruses in BALB/c mice. (a) Body weight change kinetics in mice inoculated with
CS01, CS01-A4, CS01-A7, and PBS (control). (b) Virus titers in various mouse organs at 3 and 6 dpi. Tissue samples were weighed, and virus titers were de-
termined by titration in MDCK cells, with results reported as TCIDs, per 0.1 g of tissue. Data points represent the mean of three independent experiments.
Statistical significance is denoted by the number of asterisks, with * indicating P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001

adaptation, enhanced replication efficiency, and height-
ened mammalian virulence—demonstrate H4N1 AIV’s
capacity to rapidly evolve phenotypes conducive to cross-
species infection under controlled laboratory conditions.
While this does not equate to proven zoonotic transmis-
sion, it highlights the risks and emphasizes the necessity
of actively monitoring H4N1 AIV.

The receptor-binding preference of HA is crucial for
influenza virus replication and transmission; binding to
a2,6 sialic acids is a prerequisite for an influenza virus to
transmit efficiently among humans [31]. We found that
H4N1 AIV can effectively bind to 2,6 sialic acid and rec-
ognize human receptors. Notably, the R467Q mutation
in the HA protein enhances the virus’s ability to bind to
human receptors. Although it is generally believed that

alterations in the virus’s receptor-binding ability are pri-
marily caused by variations near the HA pocket structure
(the 130-loop, 190-helix, and 220-loop) [32], both our
hemagglutination assay and solid-phase binding assay
confirmed that the R467Q mutation enhances the bind-
ing of H4N1 AIV to human receptors. This finding indi-
cates that changes distant from the pocket structure can
also impact the virus’s receptor-binding ability.

NP is well-established as a key player in the influenza
virus life cycle, with essential roles in both transcription
and replication of the viral RNA segments [33, 34]. Our
study found that the A428T mutation in the NP of H4N1
AlV significantly enhanced the virus’s replication abil-
ity. Experimental data revealed that mice infected with
the A428T mutant strain (CS01-A7) exhibited higher
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Fig. 8 Histopathological examination of lung and tracheal tissues from mice inoculated with H4N1 AlVs. (@) HE-stained lung sections at 3 dpi with CS01,
showing slight hemorrhage (a1), epithelial cell shedding (a2), and lymphocyte aggregation (a3). (b) Lung sections from mice inoculated with CS01-A4
at 3 dpi, revealing bronchial epithelial cell shedding (b1), pulmonary hemorrhage (b2), and lymphocyte aggregation (b3). (c) Lung sections from mice
inoculated with CS01-A7 at 3 dpi, demonstrating lung consolidation, extensive lymphocyte infiltration around the trachea (c1), necrosis and shedding
of bronchial epithelial cells (c2), inflammatory cell infiltrates in alveolar cavities, and intra-alveolar hemorrhage (c3). (d-f) HE-stained tracheal sections at
3 dpi with CS01, CS01-A4, and CS01-A7, respectively, showing ciliary necrosis and shedding in (d) and (e), and more severe changes including necrosis,
shedding of epithelial tissue, tracheal wall thickening, and lymphocyte infiltration in (f). () HE-stained tracheal section from the control group, showing
normal tissue structure. Images were acquired using a digital slide scanning system (Zeiss). In the inserts surrounding figures a, b, and ¢, the images were

magnified tenfold

virus titers in respiratory tract tissues compared to those
infected with the wild-type virus (lacking the A428T
mutation). This enhanced replication ability was also
confirmed in vitro, where the A428T mutation led to a
significant increase in the efficiency of virus replication
in A549 and MDCK cell cultures. We speculate that the
A428T mutation may alter the NP protein’s interaction
with the viral RNA polymerase complex or the RNA seg-
ments themselves, thereby improving the efficiency of
viral RNA synthesis and enhancing the virus’s replication
ability in both cell culture and in vivo.Furthermore, the
increased replication in the respiratory tract led to the
heightened pathogenicity observed in mice, as it allows
for more extensive damage to the lung tissue and a more
robust immune response.

Additionally, our observations revealed that the H4N1
AIV is unable to replicate efficiently in MDCK cells with-
out exogenous proteases and does not result in mortal-
ity in experimental mice, indicative of its low pathogenic
profile. Nevertheless, research has indicated that the H4
subtype AIV has the potential to mutate into a highly
pathogenic phenotype [35]. Given the increasing preva-
lence in mammalian hosts globally and the notable
annual rise in isolation frequency [10, 36], coupled with
the capability for rapid mutation of H4N1 AIV observed
in this study, H4 subtype AIVs may be evolving into a
highly pathogenic form. This necessitates vigilance and
further surveillance.

AIV is a globally prevalent pathogen that persists and
spreads among various wild and domestic animal species.
This virus is known for its capacity to undergo frequent
gene rearrangements and mutations, which enables
it to adapt to new hosts and environments quickly. In
line with the “One Health” principle—which posits that
environmental, animal, and human health are inextrica-
bly linked—it is essential to acknowledge the potential
threat that AIV poses to human health. Furthermore,
the “streetlight effect” mentioned in the World Health
Organization’s Disease X Report highlights the need to
enhance the monitoring of potential diseases beyond
those that are most visible or currently understood [37].
Therefore, it is very important to carry out strict and con-
tinuous monitoring of various AIVs and to disseminate
the research results in a timely manner. Measures such
as expanding monitoring of wild birds, strengthening

monitoring of poultry, conducting AIV screening for
patients with severe respiratory diseases, actively devel-
oping epidemic response plans, enhance public aware-
ness and international coordination are not only
beneficial but also crucial for reducing the public health
risks posed by AIVs.

Our study has several limitations. The in vivo experi-
ments were performed in a limited number of mice,
which may not fully represent the potential pathogenicity
of H4N1 AIVs. Additionally, the experiments focused on
mice, which may not fully recapitulate the disease pro-
gression observed in other mammals. Additional studies
in other mammalian models, such as ferrets or guinea
pig, would provide a more comprehensive understand-
ing of H4N1 AIV pathogenesis. Finally, our study offers
preliminary experimental evidence for the emerging
zoonotic potential of H4N1 AIV, and further research is
still needed to investigate environmental fitness, immune
evasion, and transmissibility.

In summary, our research on H4N1 AIV is the first to
elucidate its pathogenic potential in humans, highlight
the risk of the H4 subtype transitioning into a zoonotic
pathogen, and underscore the importance of continued
monitoring of AIVs.
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