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Abstract: The H9N2 subtype of avian influenza virus (AIV) has been reported to infect not only birds,
but also humans. The hemagglutinin (HA) protein is the main surface antigen of AIV and plays an
important role in the viral infection. For treatment strategies and vaccine development, HA protein
has been an important target for the development of broadly neutralizing antibodies against influenza
A virus. To investigate the vital target determinant cluster in HA protein in this work, HA gene was
cloned and expressed in the prokaryotic expression vector pET28a. The spleen lymphocytes from
BALC/c mice immunized with the purified recombinant HA protein were fused with SP2/0 cells.
After Hypoxanthine-Aminopterin-Thymidine (HAT) medium screening and indirect ELISA detection,
six hybridoma cell lines producing anti-HA monoclonal antibodies were screened. The gradually
truncated HA gene expression and western blotting were used to identify their major locations in
epitopes specific to these monoclonal antibodies. It was found that the epitopes were located in
three areas: 112NVENLEEL119, 117EELRSLFS124, and 170PIQDAQ175. Epitope 112NVENLEEL119 has a
partial amino acid crossover with 117EELRSLFS124, which is located in the vestigial esterase domain
“110-helix” of HA, and the monoclonal antibody recognizing these epitopes showed the neutralizing
activity, suggesting that the region 112NVENLEELRSLFS124 might be a novel neutralizing epitope.
The results of the homology analysis showed that these three epitopes were generally conserved in
H9N2 subtype AIV, and will provide valuable insights into H9N2 vaccine design and improvement,
as well as antibody-based therapies for treatment of H9N2 AIV infection.

Keywords: H9N2 avian influenza virus; HA protein; neutralization; monoclonal antibody; antigen
epitope

1. Introduction

The H9N2 subtype of avian influenza is now common in many eurasian nations and
can reduce chicken egg production or co-infect with other infections, resulting in substantial
mortality and significant economic losses [1–5]. H9N2 subtype AIV was first isolated in
turkeys in 1966 [6], and was first isolated and identified in 1992 in China [7]. Following
this, H9N2 subtype AIV started to appear in additional regions [8–10]. The H9N2 subtype
of AIV can harm avian physiology and weaken immune systems, leaving them more
vulnerable to other harmful pathogenic microorganisms [10,11]. Furthermore, H9N2 AIV
has been reported to infect humans [12–15] and can also pass on gene snippets or even full
genomes to other highly deadly AIVs, including H4N6, H5N6, H5N2, H7N2, H10N8, and
H7N9 [8,16–20].
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AIV is a segmented negative-strand RNA virus, and eight viral segments encode the
following proteins PB2, PB1, PA, HA, NP, NA, M, and NS. One of the most significant
glycoproteins among them is the hemagglutinin HA, whose amino acids are subject to
mutation [21–26]. As a result, the immune system may develop resistance to the vaccina-
tion due to antigenic drift and immunological escape. When HA, which enters cells by
attaching to the sialic acid on the cell surface, is targeted, specific neutralizing antibodies
(Abs) are generated [5,27]. The identified neutralizing antibodies primarily target five
immunodominant antigenic sites that are extremely changeable on the structural domain
of the HA globular head [28–31], preventing the adhesion or fusion mediated by HA.
However, the neutralizing antibodies located in the head can only produce the neutralizing
activity against one or a few strains and are not widely used [32]. Antibodies directed
against the stem of the HA protein have also been investigated, which barely have the
neutralizing activity [33]. Recently, a third class of antibodies has been identified: those
directed against the vestigial esterase domain (VED) [34–38], which is very conserved in
the same isotype and varies between isotypes [39–41]. Previous studies have reported
on H9N2-associated antigenic epitopes. Zhu et al. [42] screened six important antigenic
sites by monoclonal antibodies and their recognition of variant sites in different strains: 92,
145, 166, 167, 168, and 197. Wan et al. [43] found nine very important sites, in which 164,
167, 168, 196 and 207 were newly identified. Wang et al. [44] found rSNHA-200 produced
considerably more neutralizing antibodies and provided the highest protection against
both homologous and heterologous H9N2 AIVs. Zhu et al. [45] found 53, 274, 83 and
276 were found to be important and neutral sites for the HA protein of H5N1 AIV, all of
which are located in the VED region. However, no neutralizing epitopes targeting the
VED region have been identified in H9N2 subtype AIV. In this paper, to investigate the
potential epitope of B cell in HA protein, HA gene was cloned and expressed to be used as
immunogen to prepare the hybridoma cells. Also, the epitope and neutralization activities
of the monoclonal antibodies produced by the hybridmoa cells were performed. Results
showed that the monoclonal 1E11 and 2B3 were the neutralizing and targeting epitopes
112NVENLEEL119 and 117EELRSLFS124, which are located in the vestigial esterase domain
(VED). These results suggested that the monoclonal antibodies against this region might
act as the neutralizing antibodies against H9N2 subtype AIV.

2. Materials and Methods
2.1. Virus

The H9N2 (A/chicken/Shandong/LY1/2017) strain was isolated and preserved in our
laboratory [46], which was injected into a 9-day-old SPF chicken embryo allantoic cavity,
and the allantoic fluid was collected and stored at −80 ◦C.

2.2. Cells

SP2/0 cells were cultured in RPMI-1640 medium (350-000-CL, Wisent Biotechnology
(Nanjing, China) with 20% fetal bovine serum (FBS, FSP500, EXCEL, China), 1% penicillin
and 100 µg/mL streptomycin at 37 ◦C and 5% CO2.

MDCK and A549 cells were cultured in RPMI-1640 medium (350-000-CL, Wisent
Biotechnology (Nanjing, China) with 10% FBS (FSP500, EXCEL, China), 1% penicillin and
100 µg/mL streptomycin at 37 ◦C and 5% CO2.

2.3. HA Gene Cloning and Recombinant Protein Expression

Based on the amino acid sequences of HA gene in GenBank (No. MH018677), the
region (75–290AA) was selected for truncated expression based on the reported high-
variance region of HA proteins prone to neutralizing antibodies [9] and the head of HA
(75AA–290AA) predicted by software SWISS-MODEL (https://swissmodel.expasy.org/,
accessed on 24 March 2021) and analyzed by software pymol 2.5 (Figure 1A). We extracted
total RNA of influenza virus with Trizol and then performed RT-PCR: Oligo Dt Primer 1 µL;
dNTP Mixture 1 µL; Total RNA 2 µL; Rnase Free dH20 6 µL. Hold at 65 ◦C for 5 min and

https://swissmodel.expasy.org/


Viruses 2022, 14, 2739 3 of 17

then cool rapidly on ice. The above denaturing reaction solution 10 µL; 5×PrimeScript II
Buffer 4 µL; RNase Inhibitor 0.5 µL; PrimeScript II RTase 1 µL; RNase Free dH2O 4.5 µL. The
reverse transcription reaction was carried out under the following conditions: 42 ◦C 60 min;
95 ◦C 5 min; 4 ◦C 10 min. The primers were designed to clone the truncated HA gene,
using the following PCR cycles: the initial denaturation at 98 ◦C for 5 min, denaturation
at 95 ◦C for 50 s, annealing at 58 ◦C for 30 s, extension at 72 ◦C for 40 s for 35 cycles and
72 ◦C extension for 10 min. The PCR product was purified by agarose gel electrophoresis
and was cloned into plasmid pET-28a. The positive recombinant plasmid was identified by
PCR and the double enzyme digestion identification with BamH I and Hind III. Then, the
recombinant plasmid pET-28a-HA was transformed into an E. coli BL21 (DE3) strain and
was induced with 100 µM IPTG for 5 h, and the supernatant and precipitate samples of the
induced expressed proteins were analyzed with sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting. Next, the recombinant HA protein
was purified by the nickel affinity chromatography, and the purified proteins were analyzed
by SDS-PAGE.
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Figure 1. Selection and prokaryotic expression of the truncated HA genes: (A) the spatial structure of
HA. The structure was predicted by the software SWISS-MODEL and analyzed by pymol software.
The selected protein (HA:75AA–290AA) was marked in red. The left picture is an overhead view,
and the right picture is a side view; (B) PCR amplification of HA. Lane 1 HA amplification; lane 2
negative control; (C) identification of recombinant plasmid pET-28a-HA with the double enzyme
digestion. Lane 1, the recombinant plasmidpET-28a-HA; lane 2, pET-28a vector; (D) the recombinant
HA protein reacted with the positive serum. The fusion protein pET-28a-HA was incubated with
chicken-positive serum. Lane 1, pET-28a vector control; lane 2, pET-28a-HA (28KDa); (E) HA Protein
expression identification. The recombinant HA protein was induced by IPTG and was analyzed
on SDS-PAGE. Lane 1, pET-28a-HA not induced; lane 2, pET-28a-HA induced; lane 3, pET-28a-
HA induced and supernatant after sonication; lane 4, pET-28a-HA induced and precipitated after
sonication; and (F) purification of the recombinant HA protein. Lane 1, the effluent sample after
column hanging; lanes 2–10, the effluent sample after elution with different imidazole concentrations,
in which imidazole concentrations of 20, 30, 50, 80, 120, 150, 150, 2500 and 500 mM, respectively.
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2.4. Mice Immunization

Five 6~8-week-old female BALB/c mice were numbered from 1 to 3 and immunized
with the purified recombinant HA protein emulsified with Freund’s complete adjuvant at a
volume ratio of 1:1. Mice were intraperitoneally injected at a dose of 100 µg HA protein per
mouse. The second and third immunizations were emulsified with Freund’s incomplete
adjuvant, with an interval of two weeks between each immunization. At one week after
the third immunization, the serum was isolated from the immunized mice, and the serum
antibody levels were determined by indirect ELISA. The mouse with the highest antibody
level was selected for booster immunization with 200 µg of the recombinant HA protein to
prepare for cell fusion.

2.5. Cell Fusion and Identification of Monoclonal Antibodies

At 3rd day after the boosted immunization, the spleen cells were aseptically isolated
and fused with SP2/0 cells following the action of PEG solution (P7171, SIGMA). The
fused cells were cultured in HAT medium and screened by indirect ELISA. The positive
hybridoma cells were subcloned three times to identify the specific hybridoma cell clone
and were injected into BALB/c mice to prepare the ascites antibody. Then, the type and
isotype of monoclonal antibodies were determined by a mouse monoclonal antibody
isotype identification kit (PK20003, Proteintech). Finally, the specificities of mAbs were
determined by western blotting and indirect immunofluorescence (IFA).

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

To screen the positive hybridoma cell clones, the ELISA diagnostic method was es-
tablished using the HA recombinant protein as the encapsulated antigen. Wells of plates
were coated overnight at 4 ◦C with 2 µg/mL of the purified HA protein diluted with
carbonate–bicarbonate buffer (pH 9.6), and then were blocked with 300 µL PBST (0.01 M
phosphate-buffered saline (PBS), pH 7.2, 0.05% Tween 20) containing 5% skim milk at 37 ◦C
for 1 h. After washing, 100 µL hybridoma cell supernatant was added to each well of the
plate and was incubated at 37 ◦C for 1 h. Next, 100 µL HRP conjugated goat anti-mouse
IgG (H + L) antibody (BA1051, BOSTER BIOLOGICAL Technology) at a 1:5000 dilution
was added to wells for 1 h at 37 ◦C. Then adding 100 µL TMB chromogen solution for
15 min at 37 ◦C (P0209, Beyotime Biotechnology, China) and adding 50 µL stop solution for
TMB Substrate (P0215, Beyotime Biotechnology, China). The absorbance was measured at
450 nm using a microplate reader (Bio Tek).

The mouse monoclonal antibody isotype identification kit (PK20003, Proteintech) and
the mouse monoclonal antibody subtype identification kit were removed from 4 ◦C and
equilibrated at room temperature for 30 min. Ascites were diluted 1:100,000 in 1 x PBST.
The sample to be tested was added to the sample wells of the slab at an appropriate dilution
of 50 µL/well. Without incubation, add 1 x sheep anti-mouse IgA+IgM+IgG-HRP was
added to the sample wells at 50 µL/well, mixed gently on a mixer or by tapping the sides
of the plate holder for 1 min, covered with sealing film and incubated at room temperature
for 1 h. The liquid was discarded from the wells and the plate was washed three times
with 1×PBST and patted dry on blotting paper, and 100 µL/well of the ready-to-use colour
development solution was added to the wells, along with 100 µL/well of termination
solution to each well. The absorbance was measured at 450 nm using a microplate reader
(Bio Tek).

2.7. Design and Expression of the Truncated HA Gene

To determine the B-cell epitope of these HA monoclonal antibodies, the truncated
HA fragment was first split into two segments: HA-75 and HA-159. The truncated HA
segments were cloned by PCR with primers containing BamH I and Sal I enzyme site, and
were cloned into a pET-28a(+) vector. After the recombinant protein was expressed, western
blotting was performed with the screened mAb and His-tagged antibodies. To further
localize the antigenic epitopes, the overlapping sequences of the HA protein of 100–181AA



Viruses 2022, 14, 2739 5 of 17

(HA-100) and 131–194AA (HA-131) were cloned with primers containing both BamH I and
Sal I enzyme sites, and connected into the prokaryotic expression vector pET-28a(+) vector.
The recombinant plasmid was then transformed into E. coli BL21 (DE3) and was expressed.
To finally confirm the antigenic epitopes, five polypeptides containing ten amino acids were
synthesized step by step and were coupled to BSA carrier in Shanghai Apeptide Co., Ltd.
(Shanghai, China). The antigenic determinant of mAb was finally identified by western
blotting. The primers for the above HA truncated gene are shown in Table 1.

Table 1. Primers of the truncated HA gene for PCR cloning.

Gene Name Primer Name Primer Sequence (5′–3′) Primer Size Tm (◦C) Product Size (bp)

HA
HA-F CGCGGATCCATTGAAGGACTGATCTATGGCAACC 34 73.4

648
HA-R CCCAAGCTTACATTGCACTACACAGTTACCACTG 34 73.4

HA-75
HA-74-F CGCGGATCCATTGAAGGACTGATCTATGGCAACC 34 74

414
HA-74-R ACGCGTCGACCACACTTGTTGTTGTGTCGGTCCTT 35 73

HA-159
HA-158-F CGCGGATCCATGAGATGGCTGACTCAAAAGAACA 34 70.8

396
HA-158-R ACGCGTCGACACATTGCACTACACAGTTACCACTG 35 69

HA-100
HA-99-F CGCGGATCCAGACCATCGGCCGTTAATGGAATGT 34 68.8

246
HA-99-R ACGCGTCGACTCCTCTATTATTTGTGTATTGGGCG 35 62.1

HA-131
HA-130-F CCGGAATTCCGGATGATAAAGCGAGGGATCAACG 34 69.8

192
HA-130-R ACGCGTCGACTCGCACTTGATCCATCATTGCTCTT 35 67

Note: Horizontal characters are restriction endonuclease sites, as follows: GGATCC, BamH I; AAGCTT, Hind III;
GTCGAC, Sal I.

2.8. SDS-PAGE and Western Blotting

According to the experimental instructions, the prepared samples were added to
the SDS-PAGE at 10 µL per well and were separated by SDS-PAGE (Shanghai Epizyme
Biomedical Technology, China) with 12.5% and 15% in which the 15% protein gel was used
mainly for epitope identification and the rest was used at 12.5%, then were transferred
onto PVDF membranes (1620177, BIO-RAD, America). After blocking at room temperature
for 2 h in 5% skim milk in PBST (0.01 M phosphate-buffered saline (PBS), pH 7.2, 0.05%
Tween 20), the membranes containing protein samples were incubated overnight with a
monoclonal antibody at 4 ◦C. After washing, the membranes were incubated with the HRP
conjugated goat anti-mouse IgG (H + L) (BA1051, BOSTER BIOLOGICAL Technology) or a
rabbit anti-chicken IgG/HRP (SE235, Solarbio) at 37 ◦C for 1 h each. Finally, the membranes
were detected by a chemiluminescence detection kit (170–5061, BIO-RAD).

2.9. Indirect Immunofluorescence Assay (IFA)

MDCK cells were infected with or without MOI = 0.1 H9N2 subtype AIV for the
indirect immunofluorescence with hybridoma cell supernatants. After 24 h, the MDCK
cells were fixed with 4% paraformaldehyde for 10 min and were then incubated with
0.1% Triton-X for 10 min. After washing, the cells were incubated with hybridoma cell
supernatant or anti-NP mAb, which was provided by in-house preparation [47] overnight
at 4 ◦C for 12 h and were incubated with the fluorescent antibody (CoraLite594—conjugated
goat anti-mouse IgG(H + L), SA00013-3, Proteintech) for 45 min at 37 ◦C and then with
DAPI for 5 min. Finally, the cells were observed under a fluorescence microscope (Axiovert
A1, Carl Zeiss AG).

2.10. Biological Information Analysis

A homology analysis of the obtained epitopes special to 1E11, 2B3, and 3E5 mAbs
was performed using DNASTAR Megalign software (DNASTAR 11.0) to investigate the
biological formations of the homology of the HA epitopes among different AIVs. Moreover,
the homology modeling of the HA protein of the H9N2 subtype of AIV was performed from
the Zhang lab website (https://zhanggroup.org/). Based on the results of homologous
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modeling, the epitope positions located in the HA protein reacted to the 3D model of HA
on Pymol (2.5) software (https://pymol.org) to analyze the mapped spatial characteristics
as well as the biological functions of HA epitopes.

2.11. Neutralisation Assay

Ninety-six well plates containing monolayers of MDCK cells were infected with
10-fold serial dilutions of H9N2 virus as described in 2.1. After 48 h, the cells were observed
for the viral infection by indirect immunofluorescence assay (IFA). The 50% tissue culture
infectious dose (TCID50) titer of H9N2 virus was calculated by the Reed–Muench method.
The mixture of ten-fold serial dilutions of the mAbs and virus suspension containing
200 TCID50 of H9N2 was incubated for 1 h at 37 ◦C, and then added to MDCK cells. After
2 h of adsorption, the viral inoculum was removed, and the cells were cultured in DMEM
medium containing 2% FBS.

2.12. Haemagglutinin Inhibition (HI) Assay

As previously mentioned, the haemagglutinin (HA) titers of H9N2 were measured [48].
At room temperature, two-fold serial dilutions of the virus were incubated with 0.5%
chicken red blood cells (RBCs). The maximum dilution of agglutinated RBCs was used to
calculate the HA titer. Four HA units were used in the HI experiment. Four HA units of
the virus were reacted with 25 µL of doubly diluted ascites on a 96-well plate for 30 min
at room temperature. 0.5% chicken red blood cells were added and incubated for 30 min.
HI titers were reported as the reciprocal of the maximum dilution of hemagglutinin that
completely inhibited four HA units of virus.

2.13. Quantitative Real-Time PCR

Total cellular and supernatant RNA was isolated using the TRIzol method, and the re-
sulting RNA was reverse transcribed into cDNA template using PrimeScriptTM RT Master
Mix (RR036A, Takara) and utilized for real-time fluorescence quantitative PCR (RR420A,
Takara). The reverse transcription system was 20 µL: total RNA 4 µL, 5×PrimeScript RT
Master Mix 4 µL, RNase-free H2O 12 µL. The reaction procedure was 37 ◦C for 15 min. The
setup for real-time fluorescence PCR was 20 µL: TB Green premix Ex Taq(2×) 10 µL, Primer-
F 0.4 µL, Primer-R 0.4 µL, ROX Reference Dye(50×) 0.4 µL, cDNA 2 µL, DNase/RNase-free
H20 6.8 µL. The reaction procedure was: stage1, 95 ◦C for 30 s; stage 2, 95 ◦C for 5 s, 60 ◦C
for 30 s, 40 cycle; Dissociation stage, 95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C for 15 s. The
primers for real-time fluorescence PCR were shown in Table 2.

Table 2. Primers of real-time fluorescence PCR.

Gene
Name

Primer
Name Primer Sequence (5′–3′) Primer Size Product Size (bp)

NA
NA-F TCGGCGACACACCAAGAAATGATG 24

143
NA-R ATCCACTTTGATCGTTCGTCCCATC 24

GAPDH
GAPDH-F AATTCCACGGCACAGTCAAGGC 22

124
GAPDH-R ACAACATACTCAGCACCAGCATCAC 25

3. Results
3.1. Cloning, Expression and Purification of Recombinant HA Protein

The truncated HA target gene was cloned by PCR at a fragment size of 648 bp
(Figure 1B), as expected. The positive recombinant plasmid pET-28a-HA was identified by
double digestion (Figure 1C), and the plasmid was sequenced to prove sequence integrity
in Tsingke Biotechnology Co., Ltd. (Beijing, China). The recombinant HA protein was
expressed with a size of 28 KDa, which could react specifically with positive chicken serum
kept in our laboratory [13] (Figure 1D). Moreover, the recombinant HA is expressed in
inclusion bodies (Figure 1E). Following Ni column affinity chromatography, the recombi-

https://pymol.org
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nant HA protein showed a good purification effect at concentrations from 80 to 250 mM
imidazole with the specific target band (Figure 1F).

3.2. Screen of Monoclonal Antibody Specific to HA Proteins

At one week after the third immunization, the serum antibody productions were
determined by the indirect ELISA, as shown in Figure 2A. It was observed that the antibody
level of No. 3 mouse was the highest among all immunized mice, which was booster
immunized with the recombinant protein for hybridoma cell fusion.
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Figure 2. Screening and identification of monoclonal antibodies: (A) antibody levels of the immunized
mice. At one week after the third immunization, the antibody potency of the immunized mice was
detected, and presented as the absorbance value of OD450 nm; (B) relationship between mAbs 1E11,
2B3, 3E5, 3H3, 4F1, and 5E10 and AIV-infected cells. A549 cells were infected with AIV, and the
protein samples were collected at 24 hto detect recognition between HA protein and mAbs by western
blotting; and (C) reactivity of six mAbs detected by the indirect immunofluorescence. MDCK cells
were infected with AIV and incubated with the screened mAbs to detect the reactivity’s mAbs with
HA protein of AIV with indirect immunofluorescence. The HA protein was marked in red.
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At 14 d after cell fusion, the supernatant of the fused cells was detected by the indirect
ELISA coated with 2 µg/mL of the recombinant HA protein per well, and six hybridoma
cell clones were identified that secreted the specific antibodies to the truncated HA protein
and were named 1E11, 2B3, 3E5, 3H3, 4F1, and 5E10, respectively. The type and isotype
of monoclonal antibodies were determined by the mouse monoclonal antibody isotype
identification kit, shown in Table 3.

Table 3. Monoclonal antibody isotype identification and antibody potency.

mAbs Antibody Potency of Supernatant Ascites Potency Heavy Chain Light Chain

1E11 1:2000 1:20,000 IgG2b κ

2B3 1:100,000 1:1,280,000 IgG1 κ

3E5 1:2000 1:40,000 IgG1 κ

3H3 1:20,000 1:640,000 IgG2b κ

4F1 1:2000 1:20,000 IgG1 κ

5E10 1:10,000 1:80,000 IgG1 κ

To determine whether these mAbs 1E11, 2B3, 3E5, 3H3, 4F1, and 5E10 could recognize
the native HA protein, the samples collected from cells infected with H9N2 AIV were
detected. Since HA proteins undergo glycosylation modifications [49,50], they are shown to
be over 70 KDa in Western blot. The results showed that anti-HA mAbs could recognize the
HA protein of AIV at 24 h from cells infected (Figure 2B). Furthermore, the combination of
HA mAbs and infected cells shows red light in the figure, and the non-combination of HA
monoclonal antibody and uninfected cells shows no fluorescence in the figure. The indirect
immunofluorescence verified that all mAbs could bind to cells infected with the virus
(Figure 2C), suggesting that these mAbs might have the ability to recognize HA proteins.

3.3. Screening of B-Cell Determinants Specific to the Monoclonal Antibody

To confirm the epitopes recognized by anti-HA mAbs, according to the selected HA
protein sequence, we constructed four truncated HA fragments and eight synthetic peptides
through step-by-step truncation, as shown in Figure 3A. Firstly, two overlapping peptides
spanning the truncated HA genes HA-75 (75–212AA) and HA-159 (159–290AA) were
cloned into pET-28a(+) (Figure 3B). After the induced expression, the recombinant HA-75
protein was only recognized by 1E11, 2B3, 3H3, 5E10. The recombinant HA-75 and HA-159
proteins were both recognized by 3E5 and 4F1. These results suggested that mAbs 1E11,
2B3, 3H3, and 5E10 could recognize the region 75–157AA in HA protein, while 3E5 and 4F1
might recognize the region 158–212AA in HA protein (Figure 3D).

To further confirm the epitopes recognized by anti-HA mAbs, two overlapping pep-
tides, HA-100 (100–181AA) and HA-131 (131–194AA), spanning the HA genes from 100
to 194 AA, were cloned into prokaryotic expression pET-28a(+) vectors (Figure 3C). The
western blotting results showed that the fragment HA-100 protein was recognized by
1E11, 2B3, 3H3 and 5E10 mAbs. The fragment HA-100 and HA-131 proteins were both
recognized by 3E5 and 4F1 (Figure 3E). 1E11, 2B3, 3E5 and 4F1 only recognized HA-75 and
HA-100, but did not recognize HA-159 and HA131. Their overlapping regions were 100AA
to 131AA. These results suggested that mAbs 1E11, 2B3, 3E5 and 4F1 might recognize the
region 100AA to 131AA. The region 159AA to 181AA was considered together with the
first pair peptide 159–212AA and the result of the second pair peptide (100–181AA and
131–194AA): 131–181AA, then the overlapping peptide was 159–181AA. Therefore, mAbs
3E5 and 4F1 recognized the region 159AA to 181AA in HA protein.
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production of HA-159; lane 3, PCR production of HA-100; lane 4, PCR production of HA-131;
(C) identification of the recombinant plasmids pET-28a-HA-100, pET-28a-HA-159, pET-28a-HA-100,
pET-28a-HA-131 with the double enzyme digestion. Lane 1 and lane 2, pET-28a-HA-75; lane 3 and
lane 4, pET-28a-HA-159; lane 5, pET-28a-HA-100; lane 6, pET-28a-HA-131; lane 7, pET-28a vector;
(D) identification of the truncated HA-75 and HA-159 with mAbs following western blot analysis;
(E) identification of the truncated HA-100 and HA-131 with mAbs following western blot analysis;
and (F) identification of the coupled peptides with mAbs following western blot analysis.

To determine the minimal epitope of the HA protein, five peptides which spanned
from 100 to 131AA, 100RPSAVNGMCYP110, 106GMCYPGNVEN115, 111GNVENLEELR120,
116LEELRSLFSS125, 121SLFSSASSYQR131 with stepwise pentapeptides, were synthesized and
coupled with BSA. Three peptides which spanned from 159 to 181AA, 159MRWLTQKNNAY169,
165KNNAYPIQDAQ175, 170PIQDAQYTNNRG181 with stepwise pentapeptides to hexapep-
tides, were synthesized and coupled with BSA. The western blotting results showed
the peptide 111GNVENLEELR120 was recognized by 1E11 and 3H3 mAbs, and peptide
116LEELRSLFSS125 was recognized by 2B3 and 5E10 mAbs, and peptide 165KNNAYPIQDAQ175

and 170PIQDAQYTNNRG181 were recognized by 3E5 and 4F1 mAbs (Figure 3F). The re-
activity of mAbs with different truncates and peptides were shown in Table 4. Generally,
B cell epitope is at least five amino acids. For example, 1E11 recognizes polypeptide HA-111,
but does not recognize HA-106 and HA-116. The overlap amino acids between HA-111 and
HA-106 is 5AA, and HA-111 and HA-116 have 5AA overlap, indicating that 111–125AA is
not an epitope special to 1E11, and 116–120 is not an epitope special to 1E11. Then, one
amino acid should be pushed backward, that is, 111AA and 120AA are removed. Therefore,
112–119AA is the epitope that 1E11 may recognize. Similarly, the epitopes position in
HA-165 and HA-170 can be deduced in this way. 3E5 can recognize HA-165 and HA-170,
and their overlapping fragments are 6 AA, which are the epitopes recognized by 3E5. So,
these results suggested that 1E11 and 3H3 mAbs might recognize the epitope located at
112NVENLEEL119, 2B3 and 5E10 might recognize the epitope located at 117EELRSLFS124,
and 3E5 and 4F1 might recognize the epitope located at 170PIQDAQ175 in HA protein of
H9N2 AIV.

Table 4. The reactivities of six monoclonal antibodies with the turncated HA protein and the epitope
in HA protein.

Vector
Truncation

mAbs

1E11 2B3 3E5 3H3 4F1 5E10

HA-75 + + + + + +

HA-159 - - + - + -

HA-100 + + + + + +

HA-131 - - + - + -

Peptide HA-100 - - - - - -

Peptide HA-106 - - - - - -

Peptide HA-111 + - - + - -

Peptide HA-116 - + - - - +

Peptide HA-121 - - - - - -

Peptide HA-159 - - - - - -

Peptide HA-165 - - + - + -

Peptide HA-170 - - + - + -
Note: “+” is recognization; “-” is no-recognization.
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3.4. Haemagglutinin Inhibition and Neutralization Assay

To further investigate the characters of mAbs special to HA protein, the haemagglu-
tination inhibitory activity of 1E11, 2B3 and 3E5 mAbs were analyzed by HI assay. The
results showed that all three antibodies had haemagglutination inhibitory activity. The HI
titers were 211 for 1E11, 29 for 2B3 and 211 for 3E5, indicating that all three epitopes are HA
binding sites for red blood cells.

The results of indirect immunofluorescence and fluorescence intensity analysis showed
that the fluorescence intensity of 1E11 was lower than that of the H9N2 virus group, mAbs
1E11 at 10×, 100× and 1000× dilutions, and the differences were significant. 2B3 was
lower than that of the H9N2 virus group, 2B3 at 10×, 100× and 1000× dilutions, and the
differences were also significant. This suggests that 1E11 and 2B3 mAbs inhibited virus
proliferation after co-culture with H9N2 AIV (Figure 4A,B). Fluorescent quantitative PCR
results showed that mAb 1E11 inhibited virus proliferation after 10-fold dilution, while
2B3 still inhibited virus proliferation after 1000-fold dilution Figure 4C. In summary, mAbs
1E11 and 2B3 have some neutralizing activity and could inhibit virus proliferation. These
results also suggested that the region 112NVENLEELRSLFS124 recognized by monoclonal
antibodies 1E11 and 2B3 might be the epitope which could induce the production of
neutralizing antibodies.
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Figure 4. Neutralization assay: (A) neutralization effect of the screen mAbs. AIV were co-incubated
with three mAbs and infected MDCK cells for 36 h. AIV proliferation in cells was analyzed by
the indirect immunofluorescence to analyze the neutralization effect of mAbs; (B) the fluorescence
intensity in the infected MDCK cells. The software ImageJ was used to quantify the fluorescence
intensity of the indirect immunofluorescence images, and the data were represented in Graphpad for
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the differential analysis; and (C) the mRNA levels of NA in MDCK cells. Cells and supernatant total
RNA were extracted for real-time fluorescent quantitative PCR, followed by differential analysis
using Graphpad. All data were presented as mean ± SD. ** p < 0.01, and *** p < 0.001.

3.5. The Identified Epitope Is Highly Conserved in AIV Strains

This strain, H9N2 (A/chicken/Shandong/LY1/2017), is a member of the avian in-
fluenza subtype H9N2 branch that is now most widespread in China, h9.4.2.5 [51,52]. For
comparison study, 92 strains of the h9.4.2.5 branch were chosen. In these 93 strains, the N112 in
epitope 112NVENLEEL119 was replaced by I112 only in H9N2 (A/sparrow/Guangxi/31/2006),
H9N2 (A/chicken/Shandong/mp1224/2007) and H9N2 (A/chicken/Shandong/N/2010)
with I113 replacing V113. The H9 subtype AIV epitope 117EELRSLFS124 is conserved in
all 93 strains (Figure 5, Table S1). In the epitope 170PIQDAQ175, one virus contained T171

instead of I171, and seven of the 93 H9subtypese AIV had V171 instead of I171 (Figure 5).
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These results indicated that epitope 117EELRSLFS124 might be extremely conserved
in branch h9.4.2.5 and epitope 112NVENLEEL119 might be likewise moderately conserved,
and these two epitopes were substantially conserved neutralizing epitopes. The mAbs
targeting these two epitopes might function as a detection and protective antibody for the
strain’s h9.4.2.5 branch.

3.6. Spatial Location Prediction of Epitope Binding

The antigenic epitope structure of HA was analyzed using the Zhang lab website
(https://zhanggroup.org/, accessed on 1 October 2022) and the software Pymol 2.5 (https:
//pymol.org, accessed on 1 October 2022). The three epitopes were shown in Figure 6A, and
epitope 112NVENLEEL119 and epitope 117EELRSLFS124 were in the same α-helix(110-helix),
which belong to vestigial esterase (VE) domain, and both epitopes were located on the
protein surface (Figure 6B,C). Epitope 170PIQDAQ175 was located at one β-turn end, and
was also located on the protein surface in HA protein (Figure 6D).
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Figure 6. Localization of the identified epitope specific to HA protein: (A) epitopes recognized by
mAbs 1E11, 2B3 and 3E5. These epitopes were analyzed with “pymol”, in which epitope recognized
by 1E11 was marked in red, and epitope recognized by 2B3 was marked in blue, and epitope
recognized by 3E5 was marked in green; (B) epitopes recognized by 1E11 mAb located in vestigial
esterase domain (marked in yellow) and also exposed on the surface of HA protein; (C) epitopes
recognized by 2B3 mAb located in vestigial esterase domain (marked in yellow) and also exposed on
the surface of HA protein; and (D) epitopes recognized by 3E5 mAb located in the head of HA and
exposed on the surface of HA protein.

4. Discussion

H9N2 avian influenza is presently ubiquitous around the world and has been promi-
nent in mainland China since its discovery in 1992 [10,12]. HA gene in H9N2 AIV is one of
the most frequently altered genes, making vaccination protection much more challenging.
The identification of the B-cell epitope of HA protein will aid in the creation of epitope
vaccines as well as in the understanding of the virus’s molecular mechanism, making it
simpler to control and eliminate the H9N2 subtype of AIV. In this study, six hybridoma cell
lines producing anti HA monoclonal antibodies were identified using the hybridoma tech-
nique, and three B-cell epitopes were screened utilizing truncation and peptide scanning
procedures. The monoclonal antibodies 1E11 and 2B3 had a partially neutralizing effect

https://zhanggroup.org/
https://pymol.org
https://pymol.org
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and reduced virus multiplication, which also suggested that epitopes 112NVENLEEL119

and 117EELRSLFS124 can stimulate the production of neutralizing antibodies.
The antigenic epitopes on HA protein in H9N2 subtype AIV were reported. It was

found that six variant sites of 92, 145, 166, 167, 168, and 197 are important in the transmission
of H9N2 AIV [42]. Wan et al. [43] identified five new 164, 167, 168, 196 and 207 sites, which
can react with the different strains. Additionally, the neutralizing antibodies produced
by rSNHA-200 might be employed as a cross-protection vaccination candidate to control
and prevent H9N2 AIV infections [44]. Also, some important and neutral sites in the VED
region in HA protein of H5N1 subtype AIV were found [45]. However, no neutralizing
epitopes targeting the VED region have been identified in H9N2 subtype of AIV.

According to the structural predictions, these two neutralizing epitopes, 112NVENLEEL119

and 117EELRSLFS124, are positioned in the same alpha-helix (110-helix) of the vestigial
esterase domain(VED), which regulates the pH value of HA during membrane fusion with
the host cell [27,53]. The neutralizing activity of the monoclonal antibodies 1E11 and 2B3,
which may inhibit the pH-induced conformational changes, prevented viral membrane
fusion and inhibited viral invasion. We then performed homology analysis of the three
epitopes screened and found that epitope 117EELRSLFS124 (93/93) was conserved in all
93 strains, and epitopes 112NVENLEEL119 (90/93) and 170PIQDAQ175 (85/93) were also
relatively conserved. These results suggest that all three epitopes are relatively conserved
in the h9.4.2.5 branch, with epitopes 112NVENLEEL119 and 117EELRSLFS124 inducing neu-
tralizing antibodies, suggesting that these two epitopes could be candidates for an epitope
vaccine against the vestigial esterase (VE) domain of the H9N2 subtype, which might be
the first to identify a neutralizing epitope targeting the VED region in H9N2 subtype of
AIV. Because the VED region is relatively conservative in the same subtype of AIV, these
two epitopes could be candidates for a vaccine against the vestigial esterase domain (VED)
of H9N2 subtype AIV.

5. Conclusions

In summary, three new B-cell epitopes special to HA protein of H9N2 subtype of AIV
were identified in this paper, among which epitopes 112NVENLEEL119 and 117EELRSLFS124

induced neutralizing antibodies as well as mAbs 1E11 and 2B3. These two epitopes were
found to be located in the 110-helix of the vestigial esterase domain (VED), and it was
determined that this region is relatively conserved in the H9N2 subtype, indicating that
this region could be used as a broad range of neutralizing antibodies against this subtype.
These results provide valuable insights for epitope candidate vaccines against the H9N2
subtype, and can be used as a reference for antibody-based therapies. However, the specific
mechanism by which monoclonal antibodies 1E11 and 2B3 neutralize the H9N2 subtype of
AIV remains to be investigated.
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Author Contributions: Conceptualization, X.F.; methodology, X.H., G.Y. and Y.C.; validation, J.H.
(Jianing Hu); data curation, J.H. (Jingwen Huang) and Q.L.; writing—original draft preparation, X.H.;
writing—review and editing, X.H. and X.F.; supervision, X.F.; project administration, X.F.; funding
acquisition, X.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Key Laboratory for prevention and control of Avian Influenza
and Other Major Poultry Diseases, Ministry of Agriculture and Rural Affairs, P.R. China (grant
number: YDWS202211), National Natural Science Foundation (grant number: 31872458) and National
Key R&D Program of China (grant number: 2017YFD0500706) and the Priority Academic Program
Development of Jiangsu Higher Education Institutions (PAPD). The funding sources did not influence
the work.

https://www.mdpi.com/article/10.3390/v14122739/s1
https://www.mdpi.com/article/10.3390/v14122739/s1


Viruses 2022, 14, 2739 15 of 17

Institutional Review Board Statement: The study was conducted in strict accordance with the
recommendations in the Guidelines on ‘Ethical Treatment of Experimental Animals’ (2006) No. 398
published by the Ministry of Science and Technology, China and “the Regulation regarding the
Management published by the Jiangsu Provincial People’s Government, and approved by Animal
Ethics Committee at Nanjing Agricultural University (NJAU.No20211111167, 11 November 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: Thanks to “Zhang Lab” for the structure prediction (zhanggroup.org, accessed
on 1 October 2022).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Zhu, Y.; Hu, S.; Bai, T.; Yang, L.; Zhao, X.; Zhu, W.; Huang, Y.; Deng, Z.; Zhang, H.; Bai, Z.; et al. Phylogenetic and antigenic

characterization of reassortant H9N2 avian influenza viruses isolated from wild waterfowl in the East Dongting Lake wetland in
2011–2012. Virol. J. 2014, 11, 77. [CrossRef] [PubMed]

2. Jonas, M.; Sahesti, A.; Murwijati, T.; Lestariningsih, C.L.; Irine, I.; Ayesda, C.S.; Prihartini, W.; Mahardika, G.N. Identification of
avian influenza virus subtype H9N2 in chicken farms in Indonesia. Prev. Vet. Med. 2018, 159, 99–105. [CrossRef] [PubMed]

3. Kim, H.R.; Park, C.K.; Oem, J.K.; Bae, Y.C.; Choi, J.G.; Lee, O.S.; Lee, Y.J. Characterization of H5N2 influenza viruses isolated
in South Korea and their influence on the emergence of a novel H9N2 influenza virus. J. Gen. Virol. 2010, 91 Pt 8, 1978–1983.
[CrossRef] [PubMed]

4. Li, C.; Yu, K.; Tian, G.; Yu, D.; Liu, L.; Jing, B.; Ping, J.; Chen, H. Evolution of H9N2 influenza viruses from domestic poultry in
Mainland China. Virology 2005, 340, 70–83. [CrossRef] [PubMed]

5. Guo, J.; Wang, Y.; Zhao, C.; Gao, X.; Zhang, Y.; Li, J.; Wang, M.; Zhang, H.; Liu, W.; Wang, C.; et al. Molecular characterization,
receptor binding property, and replication in chickens and mice of H9N2 avian influenza viruses isolated from chickens, peafowls,
and wild birds in eastern China. Emerg. Microbes Infect. 2021, 10, 2098–2112. [CrossRef]

6. Homme, P.J.; Easterday, B.C. Avian influenza virus infections. I. Characteristics of influenza A-turkey-Wisconsin-1966 virus.
Avian Dis. 1970, 14, 66–74. [CrossRef]

7. Chen, F.; Xia, C. Cloning and Analysis of Avian Influenza Nucleoprotein Gene from A/Chicken/Beijing/1/96(H9N2). Chin. J.
Prev. Vet. Med. 1999, 21, 51+53–54.

8. Gao, X.; Wang, N.; Chen, Y.; Gu, X.; Huang, Y.; Liu, Y.; Jiang, F.; Bai, J.; Qi, L.; Xin, S.; et al. Sequence characteristics and
phylogenetic analysis of H9N2 subtype avian influenza A viruses detected from poultry and the environment in China, 2018.
PeerJ 2021, 9, e12512. [CrossRef]

9. Jin, X.; Zha, Y.; Hu, J.; Li, X.; Chen, J.; Xie, S.; Dai, Y.; Li, Z.; Wang, X.; Wang, F.; et al. New molecular evolutionary characteristics
of H9N2 avian influenza virus in Guangdong Province, China. Infect. Genet. Evol. 2020, 77, 104064. [CrossRef] [PubMed]

10. Sun, Y.; Liu, J. H9N2 influenza virus in China: A cause of concern. Protein Cell 2015, 6, 18–25. [CrossRef] [PubMed]
11. Zhang, P.; Tang, Y.; Liu, X.; Peng, D.; Liu, W.; Liu, H.; Lu, S.; Liu, X. Characterization of H9N2 influenza viruses isolated from

vaccinated flocks in an integrated broiler chicken operation in eastern China during a 5 year period (1998–2002). J. Gen. Virol.
2008, 89 Pt 12, 3102–3112. [CrossRef] [PubMed]

12. Song, W.; Qin, K. Human-infecting influenza A (H9N2) virus: A forgotten potential pandemic strain? Zoonoses Public Health 2020,
67, 203–212. [CrossRef] [PubMed]

13. Peiris, M.; Yuen, K.Y.; Leung, C.W.; Chan, K.H.; Ip, P.L.; Lai, R.W.; Orr, W.K.; Shortridge, K.F. Human infection with influenza
H9N2. Lancet 1999, 354, 916–917. [CrossRef] [PubMed]

14. Butt, K.M.; Smith, G.J.; Chen, H.; Zhang, L.J.; Leung, Y.H.; Xu, K.M.; Lim, W.; Webster, R.G.; Yuen, K.Y.; Peiris, J.S.; et al. Human
infection with an avian H9N2 influenza A virus in Hong Kong in 2003. J. Clin. Microbiol. 2005, 43, 5760–5767. [CrossRef] [PubMed]

15. Li, C.H.; Zhou, X.Z.; Li, M.X. Discoveries of avian influenza A(H9N2) virus in chickens and men infected by H9N2 virus in
Guangzhou area. Zhonghua Shi Yan He Lin Chuang Bing Du Xue Za Zhi 2004, 18, 213–214. [PubMed]

16. Gu, M.; Chen, H.; Li, Q.; Huang, J.; Zhao, M.; Gu, X.; Jiang, K.; Wang, X.; Peng, D.; Liu, X. Enzootic genotype S of H9N2 avian
influenza viruses donates internal genes to emerging zoonotic influenza viruses in China. Vet. Microbiol. 2014, 174, 309–315.
[CrossRef] [PubMed]

17. RahimiRad, S.; Alizadeh, A.; Alizadeh, E.; Hosseini, S.M. The avian influenza H9N2 at avian-human interface: A possible risk for
the future pandemics. J. Res. Med. Sci. 2016, 21, 51.

18. Shen, Y.Y.; Ke, C.W.; Li, Q.; Yuan, R.Y.; Xiang, D.; Jia, W.X.; Yu, Y.D.; Liu, L.; Huang, C.; Qi, W.B.; et al. Novel Reassortant Avian
Influenza A(H5N6) Viruses in Humans, Guangdong, China, 2015. Emerg. Infect. Dis. 2016, 22, 1507–1509. [CrossRef]

http://doi.org/10.1186/1743-422X-11-77
http://www.ncbi.nlm.nih.gov/pubmed/24779444
http://doi.org/10.1016/j.prevetmed.2018.09.003
http://www.ncbi.nlm.nih.gov/pubmed/30314797
http://doi.org/10.1099/vir.0.021238-0
http://www.ncbi.nlm.nih.gov/pubmed/20392898
http://doi.org/10.1016/j.virol.2005.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16026813
http://doi.org/10.1080/22221751.2021.1999778
http://doi.org/10.2307/1588557
http://doi.org/10.7717/peerj.12512
http://doi.org/10.1016/j.meegid.2019.104064
http://www.ncbi.nlm.nih.gov/pubmed/31618691
http://doi.org/10.1007/s13238-014-0111-7
http://www.ncbi.nlm.nih.gov/pubmed/25384439
http://doi.org/10.1099/vir.0.2008/005652-0
http://www.ncbi.nlm.nih.gov/pubmed/19008399
http://doi.org/10.1111/zph.12685
http://www.ncbi.nlm.nih.gov/pubmed/31930694
http://doi.org/10.1016/S0140-6736(99)03311-5
http://www.ncbi.nlm.nih.gov/pubmed/10489954
http://doi.org/10.1128/JCM.43.11.5760-5767.2005
http://www.ncbi.nlm.nih.gov/pubmed/16272514
http://www.ncbi.nlm.nih.gov/pubmed/15640850
http://doi.org/10.1016/j.vetmic.2014.09.029
http://www.ncbi.nlm.nih.gov/pubmed/25457363
http://doi.org/10.3201/eid2208.160146


Viruses 2022, 14, 2739 16 of 17

19. Zhang, Z.; Li, R.; Jiang, L.; Xiong, C.; Chen, Y.; Zhao, G.; Jiang, Q. The complexity of human infected AIV H5N6 isolated from
China. BMC Infect. Dis. 2016, 16, 600. [CrossRef]

20. Li, X.; Liu, B.; Ma, S.; Cui, P.; Liu, W.; Li, Y.; Guo, J.; Chen, H. High frequency of reassortment after co-infection of chickens with
the H4N6 and H9N2 influenza A viruses and the biological characteristics of the reassortants. Vet. Microbiol. 2018, 222, 11–17.
[CrossRef] [PubMed]

21. Coughlan, L.; Palese, P. Overcoming Barriers in the Path to a Universal Influenza Virus Vaccine. Cell Host Microbe 2018, 24, 18–24.
[CrossRef] [PubMed]

22. Kosik, I.; Yewdell, J.W. Influenza Hemagglutinin and Neuraminidase: Yin(-)Yang Proteins Coevolving to Thwart Immunity.
Viruses 2019, 11, 346. [CrossRef]

23. Kuraoka, M.; Adachi, Y.; Takahashi, Y. Hide and seek: Interplay between influenza viruses and B cells. Int. Immunol. 2020, 32,
605–611. [CrossRef] [PubMed]

24. Li, C.K.; Rappuoli, R.; Xu, X.N. Correlates of protection against influenza infection in humans—On the path to a universal
vaccine? Curr. Opin. Immunol. 2013, 25, 470–476. [CrossRef] [PubMed]

25. Gu, C.; Zeng, X.; Song, Y.; Li, Y.; Liu, L.; Kawaoka, Y.; Zhao, D.; Chen, H. Glycosylation and an amino acid insertion in the head of
hemagglutinin independently affect the antigenic properties of H5N1 avian influenza viruses. Sci. China Life Sci. 2019, 62, 76–83.
[CrossRef]

26. Zhao, D.; Liang, L.; Wang, S.; Nakao, T.; Li, Y.; Liu, L.; Guan, Y.; Fukuyama, S.; Bu, Z.; Kawaoka, Y.; et al. Glycosylation of the
Hemagglutinin Protein of H5N1 Influenza Virus Increases Its Virulence in Mice by Exacerbating the Host Immune Response.
J. Virol. 2017, 91, e02215-16. [CrossRef]

27. Shen, W.; Wang, Q.; Wang, Z.; Liu, M.; Du, Y.; Yuan, L.; Han, L.; Smietanka, K.; Chen, H.; Xu, S.; et al. Specific Monoclonal
Antibodies Targeting Unique HA Epitopes Block H7N9 Influenza A Viral Replication. J. Virol. 2022, 96, e0123822. [CrossRef]
[PubMed]

28. Angeletti, D.; Gibbs, J.S.; Angel, M.; Kosik, I.; Hickman, H.D.; Frank, G.M.; Das, S.R.; Wheatley, A.K.; Prabhakaran, M.;
Leggat, D.J.; et al. Defining B cell immunodominance to viruses. Nat. Immunol. 2017, 18, 456–463. [CrossRef]

29. Caton, A.J.; Brownlee, G.G.; Yewdell, J.W.; Gerhard, W. The antigenic structure of the influenza virus A/PR/8/34 hemagglutinin
(H1 subtype). Cell 1982, 31 Pt 1, 417–427. [CrossRef]

30. Thyagarajan, B.; Bloom, J.D. The inherent mutational tolerance and antigenic evolvability of influenza hemagglutinin. Elife 2014,
3, e03300. [CrossRef] [PubMed]

31. Wiley, D.C.; Wilson, I.A.; Skehel, J.J. Structural identification of the antibody-binding sites of Hong Kong influenza haemagglutinin
and their involvement in antigenic variation. Nature 1981, 289, 373–378. [CrossRef]

32. Padilla-Quirarte, H.O.; Lopez-Guerrero, D.V.; Gutierrez-Xicotencatl, L.; Esquivel-Guadarrama, F. Protective Antibodies Against
Influenza Proteins. Front. Immunol. 2019, 10, 1677. [CrossRef]

33. Yassine, H.M.; Boyington, J.C.; McTamney, P.M.; Wei, C.J.; Kanekiyo, M.; Kong, W.P.; Gallagher, J.R.; Wang, L.; Zhang, Y.; Joyce,
M.G.; et al. Hemagglutinin-stem nanoparticles generate heterosubtypic influenza protection. Nat. Med. 2015, 21, 1065–1070.
[CrossRef]

34. Oh, H.L.; Akerstrom, S.; Shen, S.; Bereczky, S.; Karlberg, H.; Klingstrom, J.; Lal, S.K.; Mirazimi, A.; Tan, Y.J. An antibody against a
novel and conserved epitope in the hemagglutinin 1 subunit neutralizes numerous H5N1 influenza viruses. J. Virol. 2010, 84,
8275–8286. [CrossRef]

35. Ren, H.; Wang, G.; Wang, S.; Chen, H.; Chen, Z.; Hu, H.; Cheng, G.; Zhou, P. Cross-protection of newly emerging HPAI H5 viruses
by neutralizing human monoclonal antibodies: A viable alternative to oseltamivir. MAbs 2016, 8, 1156–1166. [CrossRef]

36. Tan, G.S.; Leon, P.E.; Albrecht, R.A.; Margine, I.; Hirsh, A.; Bahl, J.; Krammer, F. Broadly-Reactive Neutralizing and Non-
neutralizing Antibodies Directed against the H7 Influenza Virus Hemagglutinin Reveal Divergent Mechanisms of Protection.
PLoS Pathog. 2016, 12, e1005578. [CrossRef] [PubMed]

37. Zheng, Z.; Teo, S.H.C.; Arularasu, S.C.; Liu, Z.; Mohd-Ismail, N.K.; Mok, C.K.; Ong, C.B.; Chu, J.J.; Tan, Y.J. Contribution of
Fc-dependent cell-mediated activity of a vestigial esterase-targeting antibody against H5N6 virus infection. Emerg. Microbes Infect.
2020, 9, 95–110. [CrossRef]

38. Bangaru, S.; Zhang, H.; Gilchuk, I.M.; Voss, T.G.; Irving, R.P.; Gilchuk, P.; Matta, P.; Zhu, X.; Lang, S.; Nieusma, T.; et al. A
multifunctional human monoclonal neutralizing antibody that targets a unique conserved epitope on influenza HA. Nat. Commun.
2018, 9, 2669. [CrossRef]

39. Velkov, T.; Ong, C.; Baker, M.A.; Kim, H.; Li, J.; Nation, R.L.; Huang, J.X.; Cooper, M.A.; Rockman, S. The antigenic architecture of
the hemagglutinin of influenza H5N1 viruses. Mol. Immunol. 2013, 56, 705–719. [CrossRef]

40. Ren, H.; Zhou, P. Epitope-focused vaccine design against influenza A and B viruses. Curr. Opin. Immunol. 2016, 42, 83–90.
[CrossRef] [PubMed]

41. Zheng, Z.; Paul, S.S.; Mo, X.; Yuan, Y.A.; Tan, Y.J. The Vestigial Esterase Domain of Haemagglutinin of H5N1 Avian Influenza A
Virus: Antigenicity and Contribution to Viral Pathogenesis. Vaccines 2018, 6, 53. [CrossRef]

42. Zhu, Y.; Yang, D.; Ren, Q.; Yang, Y.; Liu, X.; Xu, X.; Liu, W.; Chen, S.; Peng, D.; Liu, X. Identification and characterization of a
novel antigenic epitope in the hemagglutinin of the escape mutants of H9N2 avian influenza viruses. Vet. Microbiol. 2015, 178,
144–149. [CrossRef] [PubMed]

http://doi.org/10.1186/s12879-016-1932-1
http://doi.org/10.1016/j.vetmic.2018.06.011
http://www.ncbi.nlm.nih.gov/pubmed/30080665
http://doi.org/10.1016/j.chom.2018.06.016
http://www.ncbi.nlm.nih.gov/pubmed/30001520
http://doi.org/10.3390/v11040346
http://doi.org/10.1093/intimm/dxaa028
http://www.ncbi.nlm.nih.gov/pubmed/32304215
http://doi.org/10.1016/j.coi.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23948572
http://doi.org/10.1007/s11427-018-9439-0
http://doi.org/10.1128/JVI.02215-16
http://doi.org/10.1128/jvi.01238-22
http://www.ncbi.nlm.nih.gov/pubmed/36037479
http://doi.org/10.1038/ni.3680
http://doi.org/10.1016/0092-8674(82)90135-0
http://doi.org/10.7554/eLife.03300
http://www.ncbi.nlm.nih.gov/pubmed/25006036
http://doi.org/10.1038/289373a0
http://doi.org/10.3389/fimmu.2019.01677
http://doi.org/10.1038/nm.3927
http://doi.org/10.1128/JVI.02593-09
http://doi.org/10.1080/19420862.2016.1183083
http://doi.org/10.1371/journal.ppat.1005578
http://www.ncbi.nlm.nih.gov/pubmed/27081859
http://doi.org/10.1080/22221751.2019.1708215
http://doi.org/10.1038/s41467-018-04704-9
http://doi.org/10.1016/j.molimm.2013.07.010
http://doi.org/10.1016/j.coi.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27343703
http://doi.org/10.3390/vaccines6030053
http://doi.org/10.1016/j.vetmic.2015.04.012
http://www.ncbi.nlm.nih.gov/pubmed/25934533


Viruses 2022, 14, 2739 17 of 17

43. Wan, Z.; Ye, J.; Xu, L.; Shao, H.; Jin, W.; Qian, K.; Wan, H.; Qin, A. Antigenic mapping of the hemagglutinin of an H9N2 avian
influenza virus reveals novel critical amino acid positions in antigenic sites. J. Virol. 2014, 88, 3898–3901. [CrossRef] [PubMed]

44. Wang, Z.; Li, Z.; Su, X.; Qiao, Y.; Fan, W.; Li, H.; Shi, B.; Qin, T.; Chen, S.; Peng, D.; et al. Enhanced cross-lineage protection
induced by recombinant H9N2 avian influenza virus inactivated vaccine. Vaccine 2019, 37, 1736–1742. [CrossRef] [PubMed]

45. Zhu, X.; Guo, Y.H.; Jiang, T.; Wang, Y.D.; Chan, K.H.; Li, X.F.; Yu, W.; McBride, R.; Paulson, J.C.; Yuen, K.Y.; et al. A unique and
conserved neutralization epitope in H5N1 influenza viruses identified by an antibody against the A/Goose/Guangdong/1/96
hemagglutinin. J. Virol. 2013, 87, 12619–12635. [CrossRef] [PubMed]

46. Yu, Y.N.; Zheng, Y.; Hao, S.S.; Zhang, Z.; Cai, J.X.; Zong, M.M.; Feng, X.L.; Liu, Q.T. The molecular evolutionary characteristics of
new isolated H9N2 AIV from East China and the function of vimentin on virus replication in MDCK cells. Virol. J. 2020, 17, 78.
[CrossRef]

47. Huang, X.; Huang, J.; Yin, G.; Cai, Y.; Chen, M.; Hu, J.; Feng, X. Identification of NP Protein-Specific B-Cell Epitopes for H9N2
Subtype of Avian Influenza Virus. Viruses 2022, 14, 1172. [CrossRef]

48. Danilenko, D.M.; Eropkin, M.Y.; Leonenko, V.N.; Konovalova, N.I.; Petrova, P.A.; Zheltukhina, A.I.; Vassilieva, A.D. Assessment
of rat polyclonal antisera’s suitability in hemagglutination inhibition assay for influenza surveillance and antigenic mapping. J.
Virol. Methods 2021, 293, 114170. [CrossRef]

49. Schulze, I.T. Effects of glycosylation on the properties and functions of influenza virus hemagglutinin. J. Infect. Dis. 1997, 176
(Suppl. 1), S24–S28. [CrossRef]

50. Moremen, K.W.; Tiemeyer, M.; Nairn, A.V. Vertebrate protein glycosylation: Diversity, synthesis and function. Nat. Rev. Mol. Cell
Biol. 2012, 13, 448–462. [CrossRef]

51. Liu, Q.; Zhao, L.; Guo, Y.; Zhao, Y.; Li, Y.; Chen, N.; Lu, Y.; Yu, M.; Deng, L.; Ping, J. Antigenic Evolution Characteristics and
Immunological Evaluation of H9N2 Avian Influenza Viruses from 1994–2019 in China. Viruses 2022, 14, 726. [CrossRef] [PubMed]

52. Liu, Y.F.; Lai, H.Z.; Li, L.; Liu, Y.P.; Zhang, W.Y.; Gao, R.; Huang, W.K.; Luo, Q.F.; Gao, Y.; Luo, Q.; et al. Endemic Variation of
H9N2 Avian Influenza Virus in China. Avian Dis. 2016, 60, 817–825. [CrossRef] [PubMed]

53. DuBois, R.M.; Zaraket, H.; Reddivari, M.; Heath, R.J.; White, S.W.; Russell, C.J. Acid stability of the hemagglutinin protein
regulates H5N1 influenza virus pathogenicity. PLoS Pathog. 2011, 7, e1002398. [CrossRef] [PubMed]

http://doi.org/10.1128/JVI.03440-13
http://www.ncbi.nlm.nih.gov/pubmed/24429369
http://doi.org/10.1016/j.vaccine.2019.02.012
http://www.ncbi.nlm.nih.gov/pubmed/30797637
http://doi.org/10.1128/JVI.01577-13
http://www.ncbi.nlm.nih.gov/pubmed/24049169
http://doi.org/10.1186/s12985-020-01351-9
http://doi.org/10.3390/v14061172
http://doi.org/10.1016/j.jviromet.2021.114170
http://doi.org/10.1086/514170
http://doi.org/10.1038/nrm3383
http://doi.org/10.3390/v14040726
http://www.ncbi.nlm.nih.gov/pubmed/35458455
http://doi.org/10.1637/11452-061616-Reg
http://www.ncbi.nlm.nih.gov/pubmed/27902899
http://doi.org/10.1371/journal.ppat.1002398
http://www.ncbi.nlm.nih.gov/pubmed/22144894

	Introduction 
	Materials and Methods 
	Virus 
	Cells 
	HA Gene Cloning and Recombinant Protein Expression 
	Mice Immunization 
	Cell Fusion and Identification of Monoclonal Antibodies 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Design and Expression of the Truncated HA Gene 
	SDS-PAGE and Western Blotting 
	Indirect Immunofluorescence Assay (IFA) 
	Biological Information Analysis 
	Neutralisation Assay 
	Haemagglutinin Inhibition (HI) Assay 
	Quantitative Real-Time PCR 

	Results 
	Cloning, Expression and Purification of Recombinant HA Protein 
	Screen of Monoclonal Antibody Specific to HA Proteins 
	Screening of B-Cell Determinants Specific to the Monoclonal Antibody 
	Haemagglutinin Inhibition and Neutralization Assay 
	The Identified Epitope Is Highly Conserved in AIV Strains 
	Spatial Location Prediction of Epitope Binding 

	Discussion 
	Conclusions 
	References

