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Abstract 

H9N2 avian influenza viruses (AIVs) are widely distributed, causing continuous outbreaks in poultry and sporadic 
infections in humans. Vaccination is the primary method used to prevent and control H9N2 AIV infection. However, 
the ongoing evolution and mutation of AIVs often result in limited protection effects from vaccines. Therapeutic mon-
oclonal antibodies (mAbs) targeting influenza viruses offer a promising alternative. In this study, we immunized mice 
with inactivated H9N2-W1 virus, and we screened and acquired five mAbs, namely 4D12, F4, 5C8, 2G8 and A11. We 
showed that all five mAbs specifically targeted the HA protein of various H9N2 AIV strains. In vitro neutralization tests 
demonstrated that all five mAbs exhibited neutralization activity against H9N2 AIVs, with mAb F4 displaying the most 
potent neutralization effect. The F4 mAb exhibited dose-dependent preventive and therapeutic effects against lethal 
H9N2-115 infection, and the administration of F4 at a dose of 3 μg/g provided complete protection in vivo. Our study 
presents an alternative approach for preventing and controlling H9N2 AIV infection. Furthermore, the identified F4 
mAb holds promise as a solution to potential pandemics in humans caused by H9N2 AIVs.
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Introduction
H9N2 avian influenza viruses (AIVs) were initially iso-
lated in the United States in 1966 and have since been 
reported in various countries (Carnaccini and Perez 
2020; Mortimer 2019). Initially, H9N2 AIVs were found 
exclusively in ducks in Asia without causing any severe 
symptoms (Alexander 2007). However, during the late 
20th century, H9N2 AIVs gradually spread to chickens 
in several Asian countries (Pusch and Suarez 2018; Xu 
et al. 2007). H9N2 AIVs have the ability to induce immu-
nosuppression in infected hosts, leading to complicated 
mixed infections with bacteria and other viruses (Hajam 
et al. 2018; Horwood et al. 2018; Li et al. 2018; Shanmu-
ganatham et al. 2013). This complexity poses challenges 
for disease control and prevention, resulting in sub-
stantial economic losses for the global poultry indus-
try. Moreover, H9N2 AIVs exhibit a broad host range, 
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capable of infecting not only birds but also crossing spe-
cies barriers to infect mammals, including humans (Gu 
et al. 2017; Peacock et al. 2019). Since H9N2 AIVs were 
first confirmed to infect humans in 1999, interspecies 
transmission of this subtype of AIV has occasionally been 
reported worldwide (Peiris et  al. 1999). To date, H9N2 
AIVs have been reported to cause 112 human infection 
cases (Adlhoch et  al. 2022; Li et  al. 2022). Therefore, 
urgent measures are required for the prevention and con-
trol of H9N2 AIVs.

Similar to other viral diseases, there are currently no 
highly effective methods for preventing and treating 
avian influenza, and vaccination remains the most com-
monly used means to prevent its occurrence and spread 
(Subbarao and Joseph 2007). In recent years, the continu-
ous development of molecular biology techniques has 
provided a theoretical foundation and technical means 
for the development of novel vaccines against avian 
influenza. In addition to traditional inactivated vaccines, 
exploration has been conducted in the field of geneti-
cally engineered vaccines, including live-vector vaccines, 
subunit vaccines, and nucleic acid vaccines (De Pinho 
Favaro et al. 2022; Wang et al. 2022b). However, as AIV 
continues to evolve and mutate, the vaccines often do not 
match the currently circulating strains, resulting in lim-
ited protection provided by vaccines (Dong et al. 2022).

Drugs targeting matrix proteins M2, neuraminidase, 
and polymerase have been approved by the FDA and 
applied for controlling influenza virus infections (Caceres 
et al. 2022). However, the effectiveness of these drugs has 
been hindered by the emergence of resistant strains with 
mutations, such as Ser31Asn, Leu26Ile and Val27Ala on 
M2; His274Tyr, Ile117Val, Glu119Ala and Arg292Lys on 
NA; and Ile38Thr, Ile38Phe and Ile38Met on the poly-
merase subunit PA (Abed et  al. 2005; Dong et  al. 2015; 
Imai et  al. 2020; Mahal et  al. 2021; Musharrafieh et  al. 
2019; Takashita et  al. 2019). Monoclonal antibodies 
(mAbs) have alternatively gained increasing attention as 
they are characterized by their specificity and ability to 
enhance immune responses, making them a potential 
treatment and prevention option for influenza (Carter 
and Rajpal 2022).

Muromonab-CD3 (OKT3) was the first therapeutic 
monoclonal antibody approved by the FDA in 1985 for 
preventing rejection reactions during kidney, heart, and 
liver transplantation (Kuhn and Weiner 2016). Since 
then, an increasing number of antibody-related drugs 
have been applied in clinical treatment, with over 100 
antibody-based treatments currently approved for severe 
human diseases (Kaplon et al. 2022). During the COVID-
19 pandemic, monoclonal antibody therapies have also 
played a vital role (Corti et  al. 2021a). Hemagglutinin 
(HA) serves as the primary surface protein of influenza 

viruses, and host-induced neutralizing antibodies mainly 
target HA. Over the past few decades, researchers have 
made significant efforts to identify highly conserved 
epitopes in HA and develop broadly neutralizing anti-
bodies against influenza. Presently, certain mAbs are 
undergoing clinical trials for the treatment of influenza 
(Corti et  al. 2016; Ekiert et  al. 2009; Ekiert et  al. 2011; 
Gerhard et  al. 2006; Kallewaard et  al. 2016; Lim et  al. 
2016; Wollacott et al. 2016).

In this study, we immunized mice with inactivated 
H9N2-W1 virus and identified five mAbs targeting H9N2 
AIV HA. We evaluated the neutralizing activity of these 
antibodies at the cellular level and demonstrated their 
effectiveness against H9N2 AIVs. In prophylactic and 
therapeutic trials, the monoclonal antibody F4, adminis-
tered at a dose of 3 μg/g, provided complete protection 
against lethal H9N2-115 infection, indicating its poten-
tial application in preventing and treating H9N2 AIV 
outbreaks.

Results
Generation and characterization of mAbs against H9N2 
AIVs
To generate mAbs against H9N2 AIVs, we intranasally 
immunized 6-week-old Balb/c mice with inactivated 
H9N2-W1 AIV. The immunization procedure, as dia-
gramed in Fig.  1A, involved subcutaneous multipoint 
injection of the inactivated vaccine followed by additional 
three booster vaccinations at 15-day intervals. Serum 
samples were collected on day 10 after the third immu-
nization, and antibody levels were determined using indi-
rect enzyme-linked immunosorbent assay (ELISA) and 
hemagglutination inhibition (HI) assays (Fig. 1B-C). The 
results showed that the serum ELISA titer and HI titer of 
mice immunized with inactivated H9N2-W1 were above 
1:204, 800 and 29, respectively.

Subsequently, the fusion of SP2/0 myeloma cells 
with splenocytes from immunized mice was induced 
using PEG (Fig.  2A). Antibody-positive hybridoma cell 
lines were screened using indirect ELISA with inacti-
vated viruses as coating antigens (Fig. 2B) and HI assays 
(Fig. 2C). Through limited dilution subcloning, five stable 
and continuously antibody-secreting cell lines were iden-
tified, namely 4D12, F4, 5C8, 2G8 and A11. To confirm 
the successful hybridization of the hybridoma cells, anti-
body-positive cells in the logarithmic growth phase were 
treated with colchicine to halt cell division. Microscopic 
analysis revealed that the number of chromosomes 
in SP2/0 cells was approximately 65 pairs, while the 
H9N2 antibody-positive hybridoma cell lines exhibited 
approximately 100 pairs of chromosomes (Fig. 2D), indi-
cating successful cell fusion. The monoclonal antibod-
ies were further characterized using the mAb-subclass 
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Fig. 1  Preparation and generation of monoclonal antibodies. A Diagram of the mouse immunization procedure. (B-C) Antibody titer assessment. 
Serum samples collected 10 days after the third immunization were analyzed to determine the specific antibody titer using both the B indirect 
ELISA and C hemagglutination inhibition (HI) assay

Fig. 2  Screening of mAbs positive for H9N2. A Diagram of the murine mAb production process. (B-C) Screening results of antibody-positive 
hybridoma cells by B ELISA detection and C hemagglutination inhibition detection of antibody titers in the supernatant of hybridoma cells. 
D Chromosome staining of antibody-positive hybridoma cell lines and SP2/0 myeloma cells. Scale bars = 10 μm
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identification enzyme kit. The results showed that all 
monoclonal antibodies had a heavy chain subtype of 
IgG1 and a light chain subtype of Kappa (Table 1).

Reactivities of mAbs to multiple viral strains
To obtain large quantities of monoclonal antibod-
ies, 8-week-old Balb/c mice pretreated with Freund’s 
incomplete adjuvant were intraperitoneally inoculated 
with H9N2 antibody-positive hybridoma cell lines. 
The results showed that the HI titer of mouse ascites 
was above 215 (Fig.  3A). Subsequently, the antibodies 

were collected and purified. SDS‒PAGE and Coomas-
sie Blue staining confirmed the presence of heavy and 
light chains for each monoclonal antibody (Fig.  3B). 
Western blot results revealed targeting bands above 70 
kDa (Fig. 3C), corresponding to the influenza virus HA 
protein. In  vitro neutralization assays were performed 
to assess the antiviral effects of the mAbs against mul-
tiple virus strains. The results demonstrated that all 
screened mAbs effectively neutralized various strains of 
H9N2 influenza viruses, including H9N2-W1, H9N2-
115 and H9N2-SH13, which all belong to the Y280-like 
lineage (Fig. S1). Among them, mAb F4 exhibited the 
most potent neutralizing effect. However, none of the 
screened mAbs showed reactivity with the H1 subtype 
strains (Table 2). The characteristics of the mAbs were 
additionally verified through indirect immunofluo-
rescence assays (IFAs). Confocal microscopy demon-
strated the desirable reactivity of all five monoclonal 
antibodies with H9N2-W1 and H9N2-115 (Fig.  3D). 
Taken together, the screened mAbs exhibited a neutral-
izing effect on H9 subtype strains.

Table 1  Isotype identification of H9N2 AIV mAbs

Cell line Heavy chain Light chain

4D12 IgG1 kappa

F4 IgG1 kappa

5C8 IgG1 kappa

2G8 IgG1 kappa

A11 IgG1 kappa

Fig. 3  Reactivities of mAbs to multiple virus strains. A HI titer of ascites of mice inoculated with antibody-positive hybridoma cell lines. B SDS‒PAGE 
analysis of purified mAbs. C Western blot detection of mAb reactivity with H9N2-W1 virus. Inactivated H9N2-W1 viruses were subjected to SDS‒
PAGE, and western blotting was performed using the mAbs as the primary antibody. D Immunofluorescence assay detection of mAb reactivity 
with H9N2-W1 and H9N2-115 viruses. MDCK cells infected with H9N2-W1 or H9N2-115 were incubated with the mAbs as the primary antibody 
and FITC-conjugated goat anti-mouse IgG as the secondary antibody. Nuclei were stained with DAPI. Scale bars = 20 μm
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Prophylactic efficacy of mAbs against viral infection in vivo
To assess the efficacy of the screened mAbs in  vivo, a 
mouse challenge model was established (Fig. S2A). Five-
week-old Balb/c mice were intranasally inoculated with 
serially diluted H9N2-115 AIV. Only the undiluted virus 
(4×104.5 TCID50/50 µL) resulted in 100% mortality, and 
the LD50 value of H9N2-115 in mice was determined to 
be 4×104 TCID50 (Fig. S2B-C). Therefore, a challenge 
dose of 3×LD50 was selected for subsequent prophy-
lactic and therapeutic assays. Among the pre-screened 
mAbs, the F4 mAb showed the highest neutralizing 
activity (Table 2). Hence, the protective effect of the F4 
mAb against lethal infection by H9N2-115 was further 
evaluated to confirm its prophylactic and therapeutic 
effects.

For the prophylactic assay, mice were intraperitoneally 
pre-inoculated with serially diluted F4 mAb and then 
intranasally challenged with a lethal dose of H9N2-115 
AIV at 7 h after mAb inoculation (Fig.  4A). The weight 
changes and survival rates of the mice were monitored 
for 14 consecutive days. The results demonstrated a dose-
dependent protective effect of F4 mAb against H9N2-
115. The protection rates for the 1 μg/g and 3 μg/g dosing 
groups were 62.5% and 100%, respectively (Fig.  4B-C). 
This indicated that the F4 mAb effectively prevented 
lethal infection by H9N2-115 AIV in mice. To assess viral 
proliferation in the lungs of mice, three mice were ran-
domly selected from each group at 3 days after H9N2-115 
challenge. Immunofluorescence showed that control-
treated mice exhibited strong fluorescence signals in 
lung slices, while the fluorescence intensity decreased 
significantly with pre-inoculated F4 mAb (Fig. 4D). This 
indicated that the F4 mAb inhibited the proliferation of 
H9N2-115 AIV in mice lungs. Histopathological obser-
vation of the lung tissues from virus-challenged mice 
showed severe interstitial widening, inflammatory cell 
infiltration, and alveolar atrophy in the control group. 
However, as the doses of prophylactic F4 mAb increased, 
the lung lesions were significantly alleviated. When the 
administered dose of F4 mAb exceeded 3 μg/g, the lung 
tissue remained mostly intact (Fig. 4E).

Therapeutic efficacy of mAbs against viral infection in vivo
To determine the therapeutic efficacy of F4 mAb against 
H9N2-115 AIV infection, mice were intraperitoneally 
administered serially diluted F4 mAb 7 h after being 
intranasally challenged with a lethal dose of the virus 
(Fig.  5A). The weight changes and survival rates were 
monitored for 14 consecutive days. The results demon-
strated a dose-dependent therapeutic effect of F4 mAb 
against H9N2-115. The protection rate for the 1 μg/g 
dosing group was 66.6%, and the protection rate reached 
100% when the administered F4 mAb dose exceeded 
3 μg/g (Fig.  5B-C). Furthermore, the viral load in the 
mouse lung tissues was determined at 3 and 5 days after 
dosing with F4 mAb. The results showed a 10- to 15-fold 
decrease in the viral titers in the 1 μg/g and 3 μg/g dos-
ing groups compared to the control group, and the viral 
load was barely detectable in the 9 μg/g dosing group at 
three days of dosing. Moreover, at five days after dos-
ing, the viral loads in the over 3 μg/g dosing groups were 
undetectable (Fig.  5D). This indicated that the F4 mAb 
effectively inhibited the proliferation of H9N2-115 in the 
mouse lung. Histopathological observation of the lungs 
of mice infected with H9N2-115 in the control group 
showed moderate to severe bronchiolar necrosis, pul-
monary edema, and inflammatory cell infiltration. How-
ever, the lung lesions were significantly reduced with the 
administration of increased doses of the therapeutic F4 
mAb. When the administered F4 mAb dose exceeded 3 
μg/g, the lung tissue remained basically intact (Fig. 5E).

Discussion
In this study, we successfully screened and identified 
five mAbs targeting the HA protein of H9N2 AIV. These 
mAbs, namely 4D12, F4, 5C8, 2G8, and A11, demon-
strated potent neutralizing activity in  vitro. Further 
in  vivo trials revealed promising preventive and thera-
peutic effects of the F4 mAb against H9N2-115 infection.

The screened mAbs showed favorable reactivity with 
H9N2 AIVs in Western blot and immunofluorescence 
assays. They effectively neutralized H9N2-W1, H9N2-
115, and H9N2-SH13 AIVs, with the mAb F4 exhibit-
ing the highest neutralizing potency. Moreover, in  vivo 
prophylactic and therapeutic trials confirmed that intra-
peritoneal injection of the mAb F4 at a dose of 3 μg/g 
provided complete protection against lethal H9N2-115 
infection, indicating F4 mAb could be used in both pre-
vention and therapy against H9N2 infection. However, 
none of the screened mAbs demonstrated reactivity with 
the H1 subtype strains. Thus, the epitopes in HA that the 
screened neutralizing antibodies specifically bind were 
supposed to be located in HA1 domain, which was not 
highly conserved in different subtype strains. Therefore, 
further validation of the in vitro neutralizing efficacy and 

Table 2  In vitro neutralization activity of mAbs against multiple 
virus strains

“-” indicates that the antibody does not react with the virus.

Neutralization 
titer (μg/mL)

4D12 F4 5C8 2G8 A11

H9N2-W1 0.078 0.078 0.156 0.156 0.156

H9N2-115 0.078 0.039 0.156 0.078 0.078

H9N2-SH13 0.313 0.313 0.625 0.625 0.625

H1N1-HuB - - - - -

H1N1-PR8 - - - - -
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in  vivo protective effects of the F4 mAb against other 
influenza virus subtypes is necessary. Researchers have 
made significant efforts to develop a universal neutral-
izing antibody capable of effectively neutralizing all sub-
types of influenza viruses (Corti et al. 2011; Wang et al. 
2010). To achieve broad cross-neutralization, several 

strategies can be employed, including the utilization of 
highly conserved epitopes of the influenza virus HA pro-
tein as immunogens, the combination of multiple anti-
gens (HA, NA, NP and M2e) from the influenza virus, 
and alternate immunization with antigens derived from 
different subtypes of influenza viruses (Laursen and 

Fig. 4  Prophylactic efficacy of F4 mAb against lethal H9N2-115 challenge. A Schematic representation of the prophylactic test. B Body weight 
change of mice following virus challenge. C Survival rate of mice after virus challenge. D Immunofluorescence staining of lung slices from mice 
infected with H9N2-115 at 3 dpi. The viral HA antigen was stained green, and the nucleus was stained blue. Scale bars= 200 μm. E Histopathological 
examination of the mouse lungs at 3 dpi. The slices were visualized using hematoxylin and eosin (H&E) staining, scale bars = 200 μm
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Wilson 2013; Manzoor et al. 2020; Stadlbauer et al. 2019; 
Sui et al. 2009; Vanderven et al. 2022). Future studies will 
focus on implementing these strategies to comprehen-
sively screen mAbs with broad neutralizing activities.

Optimizing our screened F4 mAb is necessary due to 
its suboptimal antiviral effects at low doses in vivo. The 
efficacy of mAb treatment is highly dependent on the 
timing of administration. Previous research has demon-
strated that administering H1N1 mAb within 6 h after 
H1N1 influenza virus infection in mice provides com-
plete protection. However, initiating treatment 72 h post-
infection reduces the protection rate to 60% (Wang et al. 
2022a). In our therapeutic trial, mice were treated with 
the F4 mAb at 7 h post infection. It would be valuable to 
further explore the effectiveness of F4 mAb administered 
at different time points after infection. Therapeutic mAbs 
often exhibit limited neutralizing activity against spe-
cific subtypes of influenza virus, and combining multiple 
mAbs may enhance therapeutic efficacy. For instance, 
the combination of CR8020 and CR6261, which target 

different epitopes, can neutralize a wide range of IAV 
subtypes (Ekiert et al. 2011). In our animal experiments, 
we chose the F4 mAb with the highest in vitro neutraliza-
tion potency as a candidate therapeutic agent. However, 
the efficacy of the other four mAbs and the potential syn-
ergistic effects of their combined administration warrant 
further investigation.

The humanization of mAbs and optimization of admin-
istration routes have greatly accelerated the clinical trans-
formation and application of mAbs (Waldmann 2019). 
Mouse-derived antibodies can induce immune reactions 
and generate human anti-mouse antibody responses 
due to recognition of the constant region by the human 
immune system (Litzow 2013). Therefore, at the moment, 
the screened mAbs were put in application only for veter-
inary use and they should be humanization transformed 
before being utilized in human. In contrast, human-
ized antibodies offer high specificity and minimal side 
effects, making them valuable for treating various dis-
eases, such as cancer, viral infections, and autoimmune 

Fig. 5  Therapeutic efficacy of F4 mAb against lethal H9N2-115 infection. A Schematic illustration of the therapeutic trial. B Body weight change 
of mice infected with H9N2-115. C Survival rate of mice after virus challenge. D Virus titers in the lungs of infected mice (n = 3) at 3 dpi (left) and 5 
dpi (right). Error bars represent means ± SDs. E Histopathological examination of lung slices from mice infected with H9N2-115 at 3 dpi and 5 dpi 
using hematoxylin and eosin (H&E) staining. Scale bars = 200 μm. (**, p<0.01; ***, p<0.001)



Page 8 of 12Duan et al. Animal Diseases            (2023) 3:38 

disorders (Mead et  al. 2022; Rodriguez-Fernandez et  al. 
2021; Yang et  al. 2022). Humanized antibodies have 
become the mainstream focus of antibody drug develop-
ment. Researchers have screened and humanized mAbs 
against the novel coronavirus, enabling effective preven-
tion and treatment of the disease (Corti et al. 2021b). In 
our study, the five screened mAbs were murine-derived, 
which limits their clinical applications. Fully humanizing 
murine mAbs for emergency treatment of H9N2 influ-
enza infection in humans would be of great significance. 
Additionally, optimizing antibody administration routes 
is an effective approach to enhance therapeutic efficacy. 
During the COVID-19 pandemic, various administra-
tion routes have been approved, such as intranasal spray, 
oral administration, and inhalation (Lu et  al. 2022; Qu 
et al. 2021). In this study, the F4 mAb was administered 
via intraperitoneal injection. However, optimizing the 
administration route to oral or intranasal delivery would 
facilitate its clinical application.

Conclusions
In conclusion, our study identified five mAbs specific to 
the HA of H9N2 AIV. These mAbs exhibited neutralizing 
activity against various strains of H9N2 AIVs at the cel-
lular level. Specifically, the F4 mAb exhibited promising 
preventive and therapeutic effects against lethal H9N2-
115 infection in  vivo. Our study provides an alternative 
approach for the prevention and control of H9N2 AIVs.

Methods
Cells and viruses
Madin-Darby canine kidney (MDCK) cells, porcine kid-
ney-15 (PK-15) cells and mouse myeloma cells (SP2/0) 
were preserved in our laboratory. Cells were maintained 
in Dulbecco’s modified Eagle’s medium (Gibco, NY, USA) 
or RPMI 1640 medium (HyClone, SH30809.01) supple-
mented with 10% heat-inactivated fetal bovine serum 
(522 PAN-Biotech, P30-3302) and incubated in a 37°C 
humidified incubator with 5% CO2.

Influenza A virus A/duck/Hubei/W1/2004 (H9N2-
W1), A/Chicken/Hubei/115/2016 (H9N2-115), A/swine/
Hubei/221/2016 (HuB-H1N1) , and A/Puerto Rico/8-
SV14/1934 (PR8-H1N1) were preserved in our laboratory. 
Avian influenza virus A/chicken/Shanghai/SC197/2013 
(H9N2-SH13) was kindly gifted by Professor Chengjun 
Li from Harbin Veterinary Research Institute, CAAS. All 
viruses were propagated by single passage in embryonic 
chicken eggs.

Antibodies and reagents
The secondary antibodies used in this study included horse-
radish peroxidase–conjugated goat anti-mouse IgG (Cat 
No. BF03001, Beijing Biodragon Inmmunotechnologies, 

China) and fluorescein isothiocyanate-conjugated goat 
anti-mouse IgG (Cat No. AS001, Abclonal, China). 
The reagents used in this study included: 4′,6′-diami-
dino-2-phenylindole (1:1000) (Cat No. C1002, Beyo-
time, China); saturated ammonium sulfate solution (Cat 
No. 9300001001, Leagene Biotechnology, China); HAT 
medium (Cat No. BF08001, China); octanoic acid (Cat No. 
C11840809, Macklin, China); and hybridoma feeder (Cat 
No. MAC0014, Frdbio, China). mAb-isotype Identification 
Enzyme Kits were purchased from Beijing Biodragon Inm-
munotechnologies, China (Cat No. BF16001, China).

Antigen preparation
Avian influenza virus H9N2-W1 was diluted and inocu-
lated into 9- to 11-day-old SPF embryonic chicken eggs. 
After 72 h, allantoic fluid was collected and centrifuged 
at 7,000 rpm for 20 min at 4°C to remove cell debris. 
The viruses were further concentrated by centrifuging 
at 30,000 rpm for 150 min at 4°C. The viral precipitates 
were resuspended in PBS and then inactivated by incu-
bating with 1‰ formaldehyde at 37°C and shaking at 
180 rpm for 36 h. The inactivated virus was filtered with 
a 0.22 µm filter for sterilization and stored at -80°C. The 
inactivation efficiency was assessed by inoculating 9- to 
11-day-old SPF embryonic chicken eggs with the inacti-
vated virus, and the hemagglutination titer of the allan-
toic fluid was determined at 72 h post inoculation.

Cell fusion
SP2/0 myeloma cells were mixed with immunized spleen 
cells at a 1:10 ratio (1×107 myeloma cells per mouse 
spleen) and centrifuged at 1000 rpm for 10 min. The 
supernatant was discarded, and the cell precipitate was 
gently tapped. Next, the cell precipitate was incubated in 
a 37°C water bath, and 0.8 mL of prewarmed 50% PEG 
was added with stirring. After stirring for 45 s, the cells 
were rested for 50 s at 37°C. Then, 40 mL of prewarmed 
RPMI-1640 medium was slowly added to the cells. The 
medium was added gradually: 1 mL in the first min, fol-
lowed by 3 mL over the next 2-5 min. After resting at 
37°C for 10 min, the cells were centrifuged at 1000 rpm 
for 10 min and then resuspended in HAT fusion medium 
to a final volume of 100 mL. The cells were added drop-
wise to 96-well plates and cultured at 37°C with 5% CO2. 
After 8-10 days of incubation, the medium in the 96-well 
plate was replaced with 200 µL of HT culture medium. 
The antibody levels in the culture medium were detected 
when the cell colony reached 1/4 of the culture well.

Indirect ELISA
Indirect ELISA was used to measure antibody levels in 
the supernatant of hybridoma cells. Briefly, ELISA plates 
were coated with inactivated AIVs and incubated at 37°C 
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for 2 h or at 4°C overnight. After five washes with PBST 
buffer, the plates were blocked with 3% BSA at 37°C for 
2 h or at 4°C overnight. Following three washes with 
PBST, the hybridoma cell supernatants were added to 
the plates and incubated at 37°C for 1 h. The plates were 
then washed five times with PBST and incubated with 
HRP-conjugated goat anti-mouse IgG at 37°C for 30 min. 
After extensive PBST washes, TMB substrate was added 
to each well and incubated for 10 min in the dark. The 
OD value at 630 nm was determined using a microplate 
reader after adding the termination solution to each well.

Hemagglutinin inhibition assay
The influenza virus was diluted to a titer of 4 HAU. The 
supernatants of hybridoma cells were serially twofold 
diluted, and 35 µL of each diluted supernatant was added 
to 96-well plates. In each well, except for the PBS control 
wells, 4 HA units of influenza virus were added. The plates 
were incubated at room temperature for 25 min, followed 
by the addition of red blood cells to each well. After incu-
bation at 37°C for 30 min, the HI values were recorded.

Limited dilution assays
A limited dilution assay was used to subclone the anti-
body-positive hybridoma cells. First, the hybridoma cells 
were gently blown out from the culture wells and counted 
using serial dilution. Cells were then diluted in complete 
culture medium to achieve concentrations of 10, 20 and 
50 per milliliter. Each cell suspension was added to 96-well 
culture plates containing feeder cells, with 100 μL per well. 
After 10-14 days of subcloning, the culture media were 
switched to complete media when the cells covered 1/4 to 
1/2 of the well. The following day, supernatants were tested 
for antibody levels. The antibody-positive hybridoma cells 
were subsequently subcloned again and transferred to a 
6-well plate for expansion. Successfully cloned hybridoma 
cells were cryopreserved for future use.

Chromosome counting and analysis
Upon reaching the logarithmic growth phase, antibody-
positive hybridoma cells were treated with colchicine at 
a final concentration of 0.4 mg/mL. After incubation 
at 37°C with 5% CO2 for 3 h, the cells were gently sus-
pended by tapping with a pipette tip. The cell suspen-
sion was collected and centrifuged at 1000 rpm for 10 
min. The resulting cell pellet was then resuspended in 
prewarmed KCL (0.075 mol/L) hypotonic solution and 
incubated in a 37°C water bath for 30 min. Next, 1 mL 
of freshly prepared fixative solution (methanol: glacial 
acetic acid = 3:1) was added, mixed, and centrifuged at 
1000 rpm for 10 min. The supernatant was discarded, 
and 1 mL of fresh fixative solution was added, gently 
mixed, and incubated in a 37°C water bath for 30 min. 

After another centrifugation step at 1000 rpm for 10 
min, the supernatant was removed, and the cell pel-
let was gently resuspended in 200 μL of fresh fixative 
solution. Next, 50 μL of the cell suspension was care-
fully dropped onto a prechilled glass slide, allowing it to 
air-dry at room temperature. Giemsa staining was then 
applied to the cells, followed by observation and count-
ing under an oil immersion microscope. Images were 
captured for documentation.

mAb purification
Eight-week-old Balb/c mice were intraperitoneally 
injected with 0.5 mL of Freund’s incomplete adjuvant 
per mouse for sensitization. After 7 days, sensitized 
Balb/c mice were injected with antibody-positive hybri-
doma cells at a dose of 5×105-5×106 cells per mouse. 
Within 7-10 days, ascites of mice with visible abdomi-
nal distension were collected. The collected ascites were 
centrifuged at 1200 rpm for 10 min, and the resulting 
supernatants were transferred to a clean beaker and 
gently stirred using a magnetic stirrer. Subsequently. 
Four times the volume of the ascites of acetate buffer 
(pH=4.5) was slowly added, followed by the gradual 
addition of caprylic acid (33 µL/mL). After 30 minutes 
of stirring at 4°C, the mixture was centrifuged at 12000 
rpm for 20 min. The supernatants were then filtered, 
and the pH was adjusted to 7.4 using ammonia. Then, 
saturated ammonium sulfate solution was slowly added. 
The mixture was stirred on a magnetic stirrer for 30 
min at 4°C and centrifuged at 12000 rpm for 20 min. 
The supernatant was discarded, and the resulting pel-
let was resuspended in PBS for dialysis. For dialysis, the 
dialysis bag was boiled for 10 min, and the monoclo-
nal antibody suspension was added, sealed, and placed 
in PBS at 4°C for 24 h. Subsequently, the antibody was 
stored at -20°C for future use.

Indirect immunofluorescence
For immunofluorescence detection of the reactivity of 
mAbs with influenza viruses, MDCK cells were incu-
bated with influenza viruses (MOI=50) on ice for 60 
min. The cells were subsequently fixed with paraform-
aldehyde for 15 min. After being washed three times 
with PBS, the cells were permeabilized with 0.2% Tri-
ton X-100 for 15 min. After an intensive wash with PBS, 
the cells were subsequently blocked with 2% BSA and 
incubated with mAbs at a concentration of 10 µg/mL 
at 37°C for 2 h. FITC-conjugated goat anti-mouse anti-
body was applied as the secondary antibody. The nuclei 
were stained with DAPI for 10 min at room tempera-
ture. The fluorescence signals were observed under a 
laser confocal microscope.
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Viral titration
For viral titration, MDCK cells were washed three 
times with PBS to remove serum completely. Then, 100 
μL of serially diluted virus was added to the wells. After 
incubation at 37°C for 1 h, the unabsorbed viruses 
were removed by washing three times with PBS. Then, 
DMEM supplemented with 0.5 μg/mL N-tosyl-L-phe-
nylalanine chloromethyl ketone (TPCK) trypsin was 
subsequently added to each well. After incubation for 
72 h at 37°C with 5% CO2, 35 μL of the supernatant 
from each well was transferred to U-bottomed 96-well 
microtiter plates, and an equal volume of 1% chicken 
RBCs was added. The plates were then incubated at 
37°C for 25 min. The virus titers were calculated by 
determining the log10TCID50/mL using the Reed and 
Muench method.

Neutralization test
The mAbs were serially diluted 2-fold from an initial 
concentration of 10 µg/mL to 10 gradients, with four 
replicates per gradient. The diluted mAbs were mixed 
with an equal volume of 100 TCID50/50 µL influenza 
virus and incubated at 37°C for 2 h. MDCK cells in 
96-well plates were washed with PBS and then incu-
bated with the virus-mAb mixture. Positive control 
wells were supplemented with 100 TCID50 virus, while 
negative control wells received 100 µL diluent. After 72 
h of incubation at 37°C with 5% CO2, 35 µL of super-
natant from each well was transferred to U-bottomed 
96-well microtiter plates. Then, 1% chicken red blood 
cells (RBCs) were added, and the plate was incubated at 
37°C for 25 min. The half maximal inhibitory concen-
tration (IC50) of the antibody was determined using the 
hemagglutination inhibition (HI) method.

Prophylactic and therapeutic trials of mAb 
against influenza virus in vivo
In the prophylactic test, 5-week-old female Balb/c 
mice were divided into five groups of 11. Groups 1 to 
4 were intraperitoneally injected with F4 mAb at dif-
ferent concentrations (1 µg/g, 3 µg/g, 9 µg/g, 27 µg/g), 
and the control group received an unrelated IgG at 
a dose of 27 µg/g. After 7 h, mice were intranasally 
infected with H9N2-115 AIV at a dose of 3×LD50. 
The weight and survival rate of the mice were moni-
tored for 14 days. For the therapeutic trial, 5-week-old 
female Balb/c mice were divided into four groups of 11. 
After 7 h of H9N2-115 intranasal infection at a dose 
of 3×LD50, mice in each group were intraperitoneally 
injected with different doses of F4 mAb (1 µg/g, 3 µg/g, 
9 µg/g). Mice in the control group received an unre-
lated IgG at a dose of 9 µg/g. Weight and survival rate 
were recorded for 14 consecutive days. On the 3rd and 

5th days after H9N2-115 infection, 3 mice from each 
group were randomly selected and euthanized for viral 
titration. In the prophylactic test, three mice from each 
group were randomly selected and euthanized on the 
3rd day post-infection for histological examination of 
lung tissues. In the therapeutic trial, 3 mice from each 
group were randomly selected and euthanized on the 
3rd and 5th days post-infection for histological exami-
nation of lung tissues.

Statistical analysis
GraphPad Prism was utilized for all statistical analyses. 
The data are presented as the means ± standard devia-
tions (SD) from at least three independent experiments. 
Statistical significance was calculated using Student’s 
two-tailed unpaired t test (ns, p > 0.05; *, p < 0.05; **, p 
< 0.01; ***, p < 0.001).
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