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HA gene amino acid mutations contribute 
to antigenic variation and immune escape 
of H9N2 influenza virus
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Abstract 

Based on differences in the amino acid sequence of the protein haemagglutinin (HA), the H9N2 avian influenza virus 
(H9N2 virus) has been clustered into multiple lineages, and its rapidly ongoing evolution increases the difficulties 
faced by prevention and control programs. The HA protein, a major antigenic protein, and the amino acid mutations 
that alter viral antigenicity in particular have always been of interest. Likewise, it has been well documented that some 
amino acid mutations in HA alter viral antigenicity in the H9N2 virus, but little has been reported regarding how these 
antibody escape mutations affect antigenic variation. In this study, we were able to identify 15 HA mutations that 
were potentially relevant to viral antigenic drift, and we also found that a key amino acid mutation, A180V, at position 
180 in HA (the numbering for mature H9 HA), the only site of the receptor binding sites that is not conserved, was 
directly responsible for viral antigenic variation. Moreover, the recombinant virus with alanine to valine substitution 
at position 180 in HA in the SH/F/98 backbone (rF/HAA180V virus) showed poor cross-reactivity to immune sera from 
animals immunized with the SH/F/98 (F/98, A180), SD/SS/94 (A180), JS/Y618/12 (T180), and rF/HAA180V (V180) viruses 
by microneutralization (MN) assay. The A180V substitution in the parent virus caused a significant decrease in cross-
MN titres by enhancing the receptor binding activity, but it did not physically prevent antibody (Ab) binding. The 
strong receptor binding avidity prevented viral release from cells. Moreover, the A180V substitution promoted H9N2 
virus escape from an in vitro pAb-neutralizing reaction, which also slightly affected the cross-protection in vivo. Our 
results suggest that the A180V mutation with a strong receptor binding avidity contributed to the low reactors in MN/
HI assays and slightly affected vaccine efficacy but was not directly responsible for immune escape, which suggested 
that the A180V mutation might play a key role in the process of the adaptive evolution of H9N2 virus.
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Introduction
H9N2 avian influenza virus (AIV) has spread rapidly 
since its breakout in Hebei Province, China, in 1998, 
after which it rapidly became one of the most impor-
tant epidemics in the poultry industry [1]. Since then, 
the vaccination strategy involving the use of inactivated 

vaccine has been extensively executed to control H9N2 
avian influenza, but viral infections still occur, even in 
vaccinated flocks [2, 3], which suggests that the H9N2 
virus is undergoing adaptive evolution under vaccine 
immune pressure. Before 2007, a major antigen and 
receptor-binding protein of the H9N2 virus, haemag-
glutinin (HA), isolated from circulating field strains 
was used to cluster the H9N2 virus into three lineages: 
A/Chicken/Beijing/1/94-like (BJ/94-like), A/Quail/
Hong Kong/G1/97-like (G1-like), and A/Duck/Hong 
Kong/Y439/97-like (Y439/97-like) [4]. In 2013, G57 
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emerged as the predominant genotype of the H9N2 
virus, whereas in 2015, a new genotype, G118, was 
discovered [5]. With the evolution of the H9N2 virus, 
the specific antibodies induced by inactivated vaccines 
could not effectively block the attachment of HA from 
the circulating virus to the target cells [6]. This process 
resulted in a decrease in the protective efficacy of the 
existing vaccines and the isolation of breakthrough 
H9N2 viruses in vaccinated chicken flocks with high 
antibody titres [7]. It is therefore important to monitor 
the antigenic mutation of the HA protein in the H9N2 
virus.

Over 30 antigenic sites of the H9N2 virus have already 
been reported, most of which were precisely mapped by 
the use of monoclonal antibodies (mAbs) [8–14]. Viral 
evolution was found to promote viral escape from the 
neutralization of antibodies by promoting the addition 
of N-linked glycosylation (NLG) to shield the antigenic 
sites, changing virus-antibody binding, or altering the 
specificity of receptor binding [15–23].

We have previously reported that the H9N2 vac-
cine representative strain A/Chicken/Shanghai/F/1998 
(SH/F/98, F/98, H9N2), which belonged to the BJ/94-
like lineage, enabled antigenic variation continually 
when passaged in specific pathogen-free (SPF) chicken 
embryos or SPF chickens with or without homologous 
vaccine antibodies [24, 25]. In this study, we generated 
recombinant F/98 viruses containing a single HA muta-
tion from passaged F/98 viruses undergoing antigenic 
drift and identified the contribution of these HA muta-
tions to viral antigenic variation. We comprehensively 
analysed the role of the key mutation A180V in antigenic 
variation or immune escape by a cross-microneutraliza-
tion (MN) assay and in vivo cross-protection. Our results 
showed that the A180V substitution caused a significant 
decrease in the levels of cross-MN titres by enhancing 
the receptor binding activity, but it did not physically pre-
vent Ab binding. In addition, the strong receptor bind-
ing avidity prevented viral release from cells and slightly 
affected in vivo cross-protection.

Materials and methods
Ethical compliance
The SPF chickens and chicken embryos used in this study 
were purchased from Nanjing Biology Medical Factory, 
Qian Yuan-hao Biological Co., Ltd. The procedures that 
involved the care and use of animals were approved by 
the Jiangsu Administrative Committee for Laboratory 
Animals (permission number SYXK 2016-0020) and 
were performed by the Jiangsu Laboratory Animal Wel-
fare and Ethics guidelines of the Jiangsu Administrative 
Committee of Laboratory Animals.

Viruses and cells
The H9N2 virus F/98 was isolated in 1998 in Shanghai 
and stored at −70  °C at the Animal Infectious Disease 
Laboratory, School of Veterinary Medicine, Yangzhou 
University. The GenBank accession numbers of the 
sequence of the F/98 strain are AY253750-AY253756 
and AF461532 [26]. Human embryonic kidney cells 
(293 T) and Madin-Darby canine kidney (MDCK) cells, 
which were purchased from ATCC (Manassas, VA, 
USA), were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) (Sigma, St. Louis, MO, USA), which 
was in turn supplemented with 10% foetal calf serum 
(HyClone, South Logan, UT, USA) and incubated at 
37 °C and 5%  CO2.

Generation of H9N2 AIVs by reverse genetics
The primers, which were synthesized by Tsingke 
Biological Technology (Nanjing, China), were used 
to amplify the DNA sequence used to add the sin-
gle mutation in the F/98 virus HA protein and were 
designed using Primer 5.0 software (Primer-E Ltd., 
Plymouth, UK) based on the HA gene sequence of the 
F/98 H9N2 avian influenza virus. The full-length HA 
genes containing the single mutation were amplified by 
PCR and inserted into the transcriptional/expression 
vector pHW2000 [27] by using the ClonExpress II One 
Step Cloning Kit (Vazyme Biotech Co., Ltd., Nanjing, 
China), which resulted in the plasmid pHW204-HA 
mutations. Seven dual-promoter plasmids, including 
pHW201-PB2, pHW202-PB1, pHW203-PA, pHW205-
NP, pHW206-NA, pHW207-M, and pHW208-NS, from 
the F/98 virus strain were stocked in our lab at −70 °C 
[28], whereas the recombinant viruses were rescued by 
transfection into 293  T cells as previously described 
[29].

A total weight of 2.4 µg of the eight plasmid mixtures 
at a ratio of 1:1 was mixed with 100 µL of Opti-MEM 
medium (GIBCO, BRL, Grand Island, USA). Next, 
7 µL of PolyFect transfection reagent (QIAGEN, Dues-
seldorf, Germany) was added, and the samples were 
incubated at room temperature for 10  min and then 
added to 70–80% confluent monolayers of 293  T cells 
in 24-well plates. After incubation at 37 °C and 5%  CO2 
for 24 h, 2 µg/mL TPCK-trypsin (Sigma, St. Louis, MO, 
USA) was added to the wells. Thirty hours after trans-
fection, the supernatants were harvested and inocu-
lated into 10-day-old SPF embryonated chicken eggs 
for virus propagation. The rescued virus was analysed 
with an HA assay, and the HA genes from the rescued 
virus were sequenced by Tsingke Biological Technol-
ogy (Nanjing, China) to confirm the accuracy of the 
designed mutation.
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Determination of the 50% tissue cell infectious dose 
 (TCID50)
The  TCID50 assay was performed as previously described 
[29], and the viruses were diluted in DMEM with-
out serum to a concentration of  10–1 to  10–11 and then 
added to MDCK cells in 96-well plates. After incuba-
tion at 37 °C and 5%  CO2 for 1 h, the supernatants were 
removed, the plates were washed twice with PBS, and 
100  µL of DMEM was then added to each well. After 
incubation at 37 °C and 5%  CO2 for 72 h, the HA titres of 
the cell supernatants were analysed, and they were calcu-
lated according to the Reed-Muench formula [30].

Anti‑sera
Six three-week-old SPF chickens were immunized twice 
by subcutaneous injection of 0.3  mL of an oil-emulsion 
containing inactivated whole virus vaccines of the viruses 
F/98 and rF/HAA180V, as described previously [31], which 
were in turn inactivated by adding 0.2% formalin (v/v) 
for 24 h at 37 °C. The booster vaccination was performed 
two weeks after the initial immunization, and the anti-
sera were collected and pooled from the vaccinated SPF 
chickens three weeks after the booster vaccination.

Haemagglutinin‑ inhibition (HI) assay 
and microneutralization (MN) assay
The antisera were treated with cholera filtrate (Sigma–
Aldrich, St. Louis, MO, USA) to remove nonspecific hae-
magglutination inhibitors before the HI assay, which was 
performed using 4 haemagglutination units (HAU) of 
H9N2 and 1% (v/v) chicken erythrocytes [29].

The MN assay was performed as previously described 
[32], and the sera were briefly and serially diluted with 
100  TCID50 viruses and incubated at 37 °C and 5%  CO2 
for 1 h, whereas the serum-virus mixtures were added to 
the MDCK cells and incubated for 1 h. After incubation, 
the serum-virus mixtures were removed. Serum-free 
DMEM containing 2 µg/mL TPCK-trypsin was added to 
each cell and incubated at 37 °C and 5%  CO2. After 72 h 
of incubation, the culture supernatant was mixed with 
an equal volume of 1% (v/v) chicken erythrocytes to con-
firm the existence of haemagglutination produced by the 
virus, with the MN titre being defined as the highest dilu-
tion of serum with an absence of haemagglutination.

Enzyme‑linked immunosorbent assay (ELISA)
The ELISA was performed as previously described [29], 
and sucrose gradient-purified viruses were diluted in 
PBS and added to Nunc-Immuno MaxiSop 96-well plates 
(Corning, NY, USA) at 16 HAU per well. After overnight 
incubation at 4  °C, the samples in wells were blocked 
with PBS-nonfat dry milk, and the antisera against the 

F/98 virus, the rF/HAS127N virus or the rF/HAA180V virus 
in chickens were then added in serial twofold dilutions 
with PBS containing 0.05% Tween 20 and incubated for 
3 h at 37 °C.

After washing, goat anti-chicken horseradish peroxi-
dase antibody (Abcam, Cambridge, MA) was added and 
incubated for 1.5  h at 37  °C, TMB (3,3′,5,5′ tetrameth-
ylbenzidine) (Sigma, St. Louis, MO, USA) substrate was 
added, and the reaction was stopped by adding  H2SO4. 
The absorbance was recorded at 450 nm using an auto-
mated ELISA plate reader (model EL311SX; Biotek, Win-
ooski, VT, USA), and the area under the curve (AUC) of 
either virus was assessed for virus-Ab binding above that 
of the corresponding negative control with GraphPad 
Prism 8 software (San Diego, CA, USA).

Receptor binding assay
The receptor binding assay was performed as previously 
described [33], and the chicken erythrocytes were pre-
treated with different amounts of α2-3,6,8 neuraminidase 
(New England Biolabs, Beverly, MA, USA), a mixture of 
α2-3, α2-6, and α2-8 neuraminidase for 1 h at 37 °C. The 
chicken erythrocytes were washed with PBS and then 
added (as 1% (v/v) solutions) to 4 HAU of each virus (as 
determined by using nontreated chicken erythrocytes). 
The agglutination was measured after incubation for 1 h, 
and the virus with a higher binding avidity for the recep-
tor was able to bind to chicken erythrocytes that were 
treated with high amounts of α2-3,6,8 neuraminidases.

Virus elution assay
The virus elution assay was performed as previously 
described [34], and the F/98 and rF/HAA180V viruses 
were serially diluted in PBS with 50 μL aliquots of these 
twofold dilutions incubated with 50 μL 1% (v/v) chicken 
erythrocytes in V‐bottom microtiter plates. The plates 
were placed at 4  °C for 30  min and then transferred to 
37  °C. The decrease in HA titre was monitored for 6  h, 
which reflected elution from the chicken erythrocytes.

Virus release assay
MDCK cells were divided into 2 treatment groups, 
including approximately  106 cells per group, and 1000 
 TCID50 H9N2 viruses were used as the control group. 
Then, each treatment group was treated with 1000 
 TCID50 H9N2 viruses, and the control group was incu-
bated in an ice bath for 1 h. The first treatment group and 
the control group were incubated at 37  °C for 30  min, 
whereas the second treatment group was incubated on 
ice. After collecting the supernatant after centrifuga-
tion, the RNA was extracted from the supernatant using 
the TIANamp Virus RNA kit (Tiangen, Beijing, China). 
Reverse transcription to generate cDNA was performed 
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by using HiScript® II Reverse Transcriptase (Vazyme 
Biotech Co., Ltd., Nanjing, China) (U12 A/G: AGC/AAA 
AGC AGG, which is an RT primer for influenza virus). 
The number of copies of the M gene were determined by 
quantitative real-time reverse transcriptase PCR (qRT–
PCR) following the instructions provided by ChamQ 
SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd., Nan-
jing, China) [35]. Each group had 3 replications. The data 
were analysed using the absolute quantitative method, 
and the relative viral infection was calculated as follows: 
(the copies of M gene in the control group—the copies 
of M gene in the ice group)/(the copies of M gene in the 
control group). Additionally, the relative viral release was 
calculated as follows: (the copies of M gene in the control 
group—the copies of M gene in ice group)/(the copies of 
M gene in the 37 °C group—the copies of M gene in ice 
group).

Chicken experiments
A total of 24 three-week-old SPF chickens were divided 
into three groups: the F/98 vaccine group, which included 
12 chickens, and the rF/HAA180V vaccine group, which 
included 12 chickens, and both groups were immunized 
with the F/98 virus emulsion vaccine and the rF/HAA180V 
virus. On Day 21 post-vaccination, chickens were bled 
from the wing vein for sera, and HI reactions against the 
F/98 virus or the rF/HAA180V virus were performed.

Six chickens from each group were then challenged 
intranasally and intratracheally with  103  TCID50 of the 
F/98 virus or the rF/HAA180V virus. Chickens were moni-
tored daily for morbidity and mortality after the chal-
lenge, and tracheal and cloacal swabs from challenged 
chickens were collected in 1  mL of PBS that contained 
antibiotics on Days 3 and 5 after the challenge. After 
one freeze–thaw cycle, the swabs were centrifuged at 
3000 rpm for 10 min, and 0.2 mL supernatant was taken 
to inoculate 10-day-old SPF chicken eggs. Viral shedding 
in the trachea and cloacal was evaluated via HA titres of 
the allantoic cavity of post-inoculated SPF chicken eggs 
at Day 5 according to the HA standard of ≥ 23.

Statistical analysis
The data are shown as the mean ± SD for all assays, and 
Student’s t test analysis was used to compare different 
groups and was executed with GraphPad Prism 8 soft-
ware, from which differences were considered statisti-
cally significant when the P value was < 0.05.

Results
A80V HA mutation leads to significant HI titre reduction
We previously reported that 15 mutations (as seen in 
Figure  1A) in the HA protein from the passaged virus 
occurred when the F/98 strain was continuously pas-
saged in SPF embryonated chicken eggs or SPF chickens 

Figure 1 The contribution of HA gene amino acid mutations to antigenic variation. A The location of the amino acid mutations in the 
three-dimensional structure of HA protein of H9N2 subtype avian influenza virus. The yellow colour indicates the locations of the HA receptor 
binding sites, including positions 128–132, 91, 143, 145, 173, 180, 284, 185, and 214–219. The pink colour (positions 115, 127, 146, 150, 180 and 
216) indicates mutations on antigenic sites that have been reported. The red colour (positions 113, 163, 26, 252, 256, 260, 368 and 381) indicates 
mutations that have not been previously reported as antigenic sites. B, C The HI titres of the F/98 immune sera from chickens (n = 8) to each 
recombinant virus, (B) with single mutants in HA from passaged viruses undergoing antigenic drift in embryonated chicken eggs or chickens, or 
(C) with multiple mutants in HA from passaged viruses occurring in the  47th generation in embryonated chicken eggs under selective pressure on 
antibodies. *A ≥ fourfold change in HI titres of the standard antiserum was considered a significant antigenic change.
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[24, 25]. Fifteen recombinant viruses, each containing a 
single HA mutation from the passaged viruses occurring 
from antigenic drift in the F/98 backbone, were generated 
to evaluate the role of these mutations, and these viruses 
were the following: rF/HAK113R, rF/HAQ115H, rF/HAS127N, 
rF/HAQ146L, rF/HAA150T, rF/HAG163E, rF/HAA180V, rF/
HAM206K, rF/HAQ216L, rF/HAY246H, rF/HAG252R, rF/
HAG256R, rF/HAK260E, rF/HAI368V, and rF/HAK381N.

The serum against the paternal virus F/98 in chick-
ens was used as the reference serum to analyse the anti-
genicity of the recombinant viruses by HI assay. Viruses 
with the mutations S127N, Q146 L, A150T, M206K, and 
Q216 L showed slightly lower HI titres than those of the 
paternal virus F/98. The virus with the A180V mutation 
exhibited 6.67-fold lower HI titres and was antigenically 
distinct from F/98 (Figure 1B).

Five recombinant viruses possessing multiple muta-
tions in the HoA protein of the  47th generatin of the F/98 
strain (containing K113R + S127N + G163E + A180V) 
passaged in SPF embryonated chicken eggs [25] in 
the F/98 backbone were generated to further con-
firm the contribution of the HA A180V mutation 
to the antigenic change of the F/98 strain, which 
included rF/HA126 (K113R + S127N + G163E), 
rF/HA128 (K113R + S127N + A180V), rF/
HA168 (K113R + G163E + A180V), rF/HA268 
(S127N + G163E + A180V), and rF/HA47 (K113R + S
127N + G163E + A180V). The results showed that the 
viruses possessing the A180V mutation, including rF/
HA128, rF/HA168, rF/HA268, and rF/HA47, displayed 
the same 6.67-fold lower HI titres as those of rF/HAA180V 
(Figure 1C), which suggests that the HA mutation A180V 
is the key change regarding the antigenicity of the H9N2 
virus.

A180V HA mutation may contribute to escape 
from neutralizing antibodies
According to the results shown in Figure 2A, amino acid 
position 180 is located in the sialic acid binding domain 
as one of the receptor binding sites, suggesting that the 
A180V substitution might play a key role in the evolu-
tion of H9N2 viruses. A microneutralization (MN) assay 
was performed, which is more sensitive than the HI assay 
[36], to study the role of the A180V mutation in viral 
escape from neutralizing antibodies.

The rF/HAA180V virus exhibited eightfold lower MN 
titres for anti-F/98 serum (Figure  2B) and an eight-
fold lower titres for the homologous anti-rF/HAA180V 
serum (Figure 2C) than those of the parental F/98 strain, 
which suggested that the A180V mutation promoted rF/
HAA180V viral escape from anti-F/98 or anti-rF/HAA180V 
serum. We further and comprehensively compared the 
serological cross-reactivity induced by the H9N2 viruses 

A/Chicken/Guangdong/SS/1994 (GD/SS/94, original HA 
A180), A/Chicken/Jiangsu/YZ618/2012 (JS/YZ618/12, 
original HA T180) [31], and rF/HAA180V in chickens to 
confirm whether a single A180V mutation would cause 
low serological reactivity against antisera from other 
viruses possessing 180 A, T or V. The results showed 
that the rF/HAA180V virus displayed fourfold lower MN 
titres for anti-GD/SS/94 serum than those of the GD/
SS/94 virus (Figure  2D), whereas the rF/HAA180V virus 
displayed eightfold lower MN titres for anti-JS/YZ618/12 
serum (Figure  2E) than those of the JS/YZ618/12 virus. 
In contrast to the GD/SS/94 and JS/YZ618/12 viruses, 
however, the rF/HAA180V virus displayed 4- and eightfold 
reductions in HI titres for homologous anti-rF/HAA180V 
serum, respectively (Figure 2F). These results prove that 
the HA A180V mutation could significantly decrease the 
readout of MN titres for anti-H9N2 sera, even for anti-
rF/HAA180V serum, which further indicates that this sub-
stitution could promote viral escape from neutralizing 
antibodies.

A180V HA substitution increases the receptor‑binding 
avidity of the F/98 virus and does not prevent antibody 
binding physically
The levels of HI or MN titres can be decreased by the 
reduction of antibody binding to virus and/or increasing 
the avidity of receptor binding [23, 37]. Assessment of the 
interactions between the virus and receptors on the red 
blood cell surface and antibody binding ELISA experi-
ments were performed to clarify the molecular mecha-
nisms through which the A180V mutation promotes 
escape from neutralizing antibodies, and the results 
showed that the virus rF/HAA180V bound to chicken 
erythrocytes treated with 32-fold higher α2-3,6,8 neu-
raminidase concentrations than those of the F/98 strain. 
The viruses rF/HA128, rF/HA168, rF/HA268, and rF/
HA47 carrying HA V180 bound to chicken erythrocytes 
were treated with at least fourfold higher α2-3,6,8 neu-
raminidase concentrations than those of the viruses F/98, 
rF/HAK113R, rF/HAS127N, rF/HAG163E, and rF/HA126 pos-
sessing HA A180 (Figure 3A), indicating that the A180V 
mutation significantly increased the avidity of F/98 virus 
receptor binding. Moreover, antibody-binding ELISA 
confirmed that the serum that was generated against the 
F/98 virus bound similarly to either the F/98 virus or rF/
HAA180V virus (Figure 3B), whereas the serum generated 
against the rF/HAA180V virus similarly bound to either the 
F/98 virus or rF/HAA180V virus (Figure 3C), which further 
suggests that the HA A180V substitution did not cause 
a significant antigenic change. Taken together, these data 
indicated that the A180V mutation promoted escape 
from the pAb response by increasing the avidity of viral 
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receptor binding but not by physically preventing anti-
body binding.

Viruses with HA A180V substitution elute from cells 
at a slower rate
In this study, we measured the elution of the virus 
from chicken red blood cells (RBCs) to further evalu-
ate the effect of the A180V HA mutation, which pos-
sessed a strong receptor binding avidity and caused the 
rF/HAA180V virus to bind tightly to RBCs, by slow blood 
elution performed within 3  h. However, the F/98 virus 
elution from RBCs was 3  h later than that of the rF/
HAA180V virus despite occurring at a similar rate, which 
demonstrated a strong positive correlation (r = 0.9944, 
 R2 = 0.9887, P < 0.01) (Figure 4A).

The A180V HA mutation resulted in a slower release 
of virus from the RBCs, and we speculated that the 
strong avidity of receptor binding could affect the cells’ 
viral release. We measured the amounts of viruses by 
detecting M-genes with a real-time reverse transcrip-
tion (RT)-PCR assay in MDCK cells to investigate 
whether the rF/HAA180V virus had any impact on viral 
infection and release from the cell surface. The results 
showed that the A180V mutation did not influence viral 
infection (Figure  4B), and the F/98 virus was released 
from the MDCK cell surface faster than the rF/HAA180V 
virus was (P < 0.01) (Figure  4C). These results further 
indicated that the strong avidity of receptor binding 
was not conducive to viral release from the cell surface 
in the early stages of H9N2 viral infection.

Figure 2 The decrease in the readouts of cross‑MN titres due to HA A180V mutation. A The location of the amino acid mutations in the 
three-dimensional structure of the HA protein of the H9N2 avian influenza virus. The blue colour indicates the location of position 180 in the HA 
receptor-binding site. The yellow colour indicates the locations of the HA receptor-binding sites, including positions 91, 143, 145, 173, 180 (blue 
colour), 184, 185; the orange colour indicates the locations of the right edge of the receptor-binding pocket 214–219 and the left edge of the 
128–132 receptor-binding pocket. B MN titres of F/98 immune sera from chickens (n = 8) to the F/98 or the rF/HAA180V viruses. C MN titres of rF/
HAA180V immune sera from chickens (n = 8) to the F/98 or the rF/HAA180V viruses. D MN titres of GD/SS/94 immune sera from chickens (n = 6) to the 
F/98, rF/HAA180V or GD/SS/94 viruses. E MN titres of JS/YZ618/12 immune sera from chickens (n = 6) to the F/98, rF/HAA180V or JS/YZ618/12 viruses. 
F MN titres of rF/HAA180V immune sera from chickens (n = 6) to the F/98, rF/HAA180V, GD/SS/94, or JS/YZ618/12 viruses. *A ≥ fourfold change in MN 
titres of the standard antiserum was considered significant antigenic change. These data indicated that the fold change was relative to the levels of 
the virus rF/HAA180V.
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HA A180V substitution slightly reduces the protective 
efficiency
We performed an immunogenic test to assess the role of 
the HA A180V substitution on in vivo immune escape, in 
which the anti-sera in SPF chickens immunized with the 
whole inactivated vaccine of the virus F/98 or rF/HAA180V 

were collected for the HI assay 21 days after immuniza-
tion. While the anti-F/98 serum against the F/98 virus 
was 15.3-fold higher than that against the rF/HAA180V 
virus (P < 0.001), the anti-rF/HAA180V serum against the 
F/98 virus was 14.4-fold higher than that against the rF/
HAA180V virus (P < 0.001). The serum HI titre from the 

Figure 3 The role of HA A180 V mutation in viral escape from an in vitro pAbs reaction. A HA A180V mutation increases the avidity 
of receptor binding of the H9N2 F/98 virus, whereas S127N decreases receptor binding avidity. Relative viral receptor binding avidities were 
determined by haemagglutination of red blood cells pretreated with increasing amounts of α2-3,6,8 neuraminidase. Data are expressed as the 
maximal amount of neuraminidase that allowed full agglutination. The data are representative of three independent experiments. B, C Single A180 
V mutation does not affect Ab binding. Direct antibody binding to F/98 or rF/HAA180V viruses was determined by ELISA using sera collected from 
chickens vaccinated with inactivated F/98 (B) or rF/HAA180V (C). The AUC of ELISA was calculated for virus-Ab binding by GraphPad Prism 8 software 
above the value of the corresponding negative control, which was performed under the same conditions. Means and SD were expressed from 
three independent experiments. Statistical significance was based on Student’s t test (**P < 0.01; ***P < 0.001). O.D., optical density.
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chickens vaccinated with the rF/HAA180V virus was lower 
than that of the chickens that were vaccinated with the 
F/98 virus (Figure 5), which demonstrated that the levels 

of the specific antibody in serum induced by the inacti-
vated vaccine of the rF/HAA180V virus was lower than the 
level of that induced by the F/98 virus inactivated vac-
cine. Moreover, the protection efficiency test showed that 
the antibody induced by the F/98 vaccine could provide 
100% protection against the challenge posed by the F/98 
virus and 83.3% protection against challenge by the rF/
HAA180V virus. While the antibody induced by the rF/
HAA180V vaccine could provide 83.3% protection against 
challenge by either the F/98 virus or the rF/HAA180V virus 
(Table 1), these data reveal that the single A180V muta-
tion slightly contributes to immune escape.

Discussion
HA is the most important antigenic protein of the H9N2 
virus, which stimulates the host chicken to produce HA-
specific neutralizing antibodies. Moreover, HA muta-
tions in antigenic sites enabled the virus to escape the 
host’s antibody-based immune responses, with several 
studies reporting HA mutations that affect the H9N2 
virus’s antigenic variation. In these studies, the HA muta-
tions from different H9N2 antigenic variants were mainly 
located at or near the receptor binding sites in HA, most 
of which were selected within in vitro HA-specific mAbs 
[8–14]. Few studies on the HA mutations selected with 
pAbs derived from the in  vivo inactivated vaccine and 
the contribution of a single HA mutation in the H9N2 

Figure 4 The negative effect of the HA A180V mutation on viral release. A Virus elution from chicken erythrocytes. Twofold dilutions of 
F/98 and rF/HAA180V viruses were incubated with equal volumes of chicken erythrocytes at 4 ℃ for 30 min, and the HA titres at 37 ℃ representing 
the virus elution from chicken erythrocytes were monitored for 6 h. The result was presented as the percentage of the initial HA titre at 4 ℃. B, C 
Virus release assay. A180V HA mutation does not affect viral infection (B) and significantly prevents virus release from the MDCK cell surface (C). 
The results are displayed as the mean ± SD of three independent experiments, and the comparisons were performed with a t test. **Indicates a 
significant difference between groups (P < 0.01).

Figure 5 The cross‑HI reactions between the F/98 and rF/
HAA180V viruses. Three-week-old SPF chickens were vaccinated one 
time with a subcutaneous injection of 0.3 mL of oil-emulsion of the 
inactivated whole virus vaccines of the F/98 and rF/HAA180V viruses, 
which were inactivated by adding 0.2% formalin (v/v) for 24 h at 
37 °C. At 21 days post-vaccination, 12 chickens from each group (the 
F/98 and rF/HAA180V vaccine groups) were bled to analyse cross-HI 
titres against the F/98 and rF/HAA180V viruses. Statistical significance 
was based on Student’s t test (*P < 0.05).
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virus to antigenic variation or immune escape have been 
reported. We previously identified 15 antigenic variants 
in the HA gene passaged with or without selection pres-
sure of H9N2 inactivated vaccine [24, 25], whereas the 
contribution of the 15 HA mutations to antigenic varia-
tion and immune escape were studied with a ≥ fourfold 
change in HI titres of standard antiserum as a significant 
antigenic change, which results in an escape from anti-
bodies [38, 39].

The amino acids located at or around receptor binding 
sites of HA are the major determinants of the antigenic-
ity of influenza virus, and these findings were confirmed 
in A/H3N2 virus, avian-origin A/H5N1, swine-origin A/
H3N2, and horse-origin A/H3N8 [37, 40, 41]. The muta-
tions S127N, Q146 L, A150T and M206K are located 
near the receptor binding site, whereas the mutations 
A180V and Q216L mutations are located at the HA 
receptor-binding site (Figure 1A). In particular, the 127, 
146, 150, and 216 positions on H9 were mapped as anti-
genic sites through the use of mAbs, in which the muta-
tions S127N, Q146K, A150T, and L216Q occurred [8, 10, 
12, 13]. All the above mutations, including S127N, Q146 
L, A150T, M206K, A180V, and Q216L, had the poten-
tial to alter the antigenicity of the H9N2 virus. Only the 
A180V HA of these potential mutations caused a ≥ four-
fold decrease in readouts of HI titres or cross-MN titres. 
The receptor-binding site in HA of the H9N2 virus 
includes the residues at positions 91, 143, 145, 173, 180, 
184 and 185, of which all are conservative except for the 
residues at position 180. Approximately 90% of H9N2 
wild viruses in China possess V or T at the 180 position 
of HA [31], whereas the A180V mutation occurred in all 
of the passaged viruses exhibiting antigenic variation in 
SPF chicken embryos or SPF chickens with or without 
homologous vaccine antibodies [24, 25], which further 
suggests that the A180V HA mutation played a key role 
in the adaptive evolution of the F/98 strain.

HI or MN titres were determined by distinctions in 
viral antigens or viral receptor binding avidity, and Li 
et al. [23] found that the single N127K mutation in H3 
increased viral receptor binding while not preventing 
anti-127 N serum binding. The single K127N mutation 
in H3 reduced the reactivity to anti-127 K sera, which 
was consistent with the results found by Doud et  al. 
[42] that specified that only some amino acid residues 
at antigenic sites can alter viral antigenicity.

In our study, the A180V substitution promoted viral 
escape from a pAb-neutralizing reaction, which was 
related to different viruses possessing either A, T or V 
180, by promoting significant receptor binding activity, 
while A or V at the HA 180 position did not prevent 
virus-antibody binding, which was consistent with the 
results reported by Hensley et al., who found a positive 
correlation between the avidity of receptor binding and 
escape from antiserum [37]. In the virus elution assay, 
we found that the mutation A180V initially inhib-
ited virus elution from the red blood cell surface and 
that the elution of the rF/HAA180V virus was similar to 
that of the F/98 strain. The strong avidity of receptor 
binding prevented the release of the rF/HAA180V virus 
from cells but did not affect viral entry into host cells 
or infectivity, which was unexpected. These results sug-
gested that strong avidity of receptor binding is not 
conducive to viral release from cell surfaces. The sialic 
acid receptor is the target receptor shared between HA 
and neuraminidase (NA), and the A180V mutation, 
which promotes strong receptor binding, seems to dis-
rupt the functional balance between the affinity of HA 
receptor binding and NA activity. Naturally, compensa-
tory mutations that increase avidity or modulate NA 
function are required to restore viral fitness [43], which 
is why a strong avidity of HA receptor binding drove an 
AIV antigenic drift [37], which might in turn represent 

Table 1 Virus shedding from the swabs on Days 3 and 5 after challenge with F/98 or rF/HAA180V viruses. 

The positive sample of chickens shedding virus indicated higher than the detection limit of the  22 HA titre, whereas protection was calculated with data on Day 3.
a The appearance of the same letter means there is no marked difference among the groups under the condition of P > 0.05.
1 Data consist of numbers of chickens shedding virus/total number of chickens at Days 3 and 5.

Group Virus  shedding1 Protection (%)

D3 D5

Chickens vaccinated the F/98 inactive vaccine

 Challenged with the F/98 virus 0/6a 0/6a 100

 Challenged with the rF/HAA180V virus 1/6a 0/6a 83.3

Chickens vaccinated the rF/HAA180V inactive vaccine

 Challenged with the F/98 virus 1/6a 0/6a 83.3

 Challenged with the rF/HAA180V virus 1/6a 0/6a 83.3
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a potential biological change of the A180V mutation in 
the evolution of the H9N2 virus.

Sealy et  al. found an association in Pakistan during 
2014–2016 between the increased avidity of receptor 
binding and escape from antibody-based immunity by 
characterizing isolated H9N2 viruses, confirming that 
HA A180T/V substitutions with an enhanced avidity 
of receptor binding resulted in antigenic variation [44], 
which was similar to our finding that A180V occurred 
in all of the F/98-origin antigenic variants as previously 
described [24, 25]. Furthermore, we studied the con-
tribution of the HA A180V substitution to viral in  vivo 
immune escape. Expectedly, we found that the antibody 
induced by the F/98 vaccine could provide 100% protec-
tion against the challenge posed by the F/98 virus and 
83.3% protection against the challenge posed by the rF/
HAA180V virus, whereas the antibody induced by the rF/
HAA180V vaccine could provide 83.3% protection against 
the challenge posed by either the F/98 virus or the rF/
HAA180V virus.

Thus, although the single A180V mutation slightly 
affected in  vivo cross-protection, it broke down the full 
protective efficiency of the inactivated vaccine of the 
paternal F/98 virus, which suggests that the single A180V 
mutation, which possessed a strong avidity of recep-
tor binding, facilitated the escape of the rF/HAA180V 
virus from the antibodies induced by the vaccine of the 
paternal virus F/98 or its own antibodies. The slight 
contribution of A180V to this viral immune escape fur-
ther suggests that this mutation could not be directly 
responsible for viral immune escape, while it might also 
be related to the phenomenon that homologous vaccine 
antibodies could not provide acceptable protection for 
vaccinated chicken flocks in recent years [7].

In summary, our findings reveal that the mechanism of 
the A180V mutation promoted viral escape from in vitro 
pAbs, and they also showed that this mutation makes a 
slight contribution to the escape from antibody-based 
immunity. While the A180V substitution promoted 
H9N2 virus escape from a pAb-neutralizing reaction by 
enhancing the receptor binding activity, it also did not 
physically prevent Ab binding, which led to significantly 
decreased readouts of cross-MN titres, slightly affect-
ing in vivo cross-protection. These data suggest that HA 
mutations with strong avidity of receptor binding should 
be given more attention when monitoring the emergence 
of new antigenic variations.

Abbreviations
293 T: human embryonic kidney cells; A: alanine; A180: An alanine residue at 
position 180 in HA; A180 V: An alanine to valine substitution at position 180 in 
HA; cDNA: DNA copies of mRNA; DMEM: Dulbecco’s modified Eagle’s medium; 
E: glutamic acid; G: glycine; H: histidine; I: isoleucine; K: lysine; L: leucine; M: 
methionine; M: matrix (gene); MDCK: Madin-Darby canine kidney cells; N: 

asparagine; NP: nucleoprotein; NS: nonstructural; PA: polymerase acidic; PB1: 
polymerase basic 1; PB2: polymerase basic 2; Q: glutamine; R: arginine; S: 
serine; T: threonine; TPCK-trypsin: tosyl-phenylalanine chloromethyl-ketone 
treated trypsin; V: valine; Y: tyrosine.

Acknowledgements
We thank Jianjun Zhang, Sinopharm Yangzhou VAC Biological Engineering Co., 
Ltd., Yangzhou, Jiangsu, PR, for his invaluable and suggestions.

Authors’ contributions
HS and RZ participated in the design of the study. RZ, SX and WS performed 
the experiments. XL and QL provided intellectual input. RZ and SX analysed 
the data. RZ wrote the manuscript. HS and SW reviewed and prepared the ver-
sion of the manuscript. All authors read and approved the final manuscript.

Funding
This research was funded by the National Natural Science Foundation of 
China (32172802, 31672516, 31172300, 30670079), Grant No. BE2016343 from 
Jiangsu Province, the Jiangsu University and College Natural Science Founda-
tion (12KJA230002), the Doctoral Program of Higher Education of China 
(20133250110002) and a project funded by the Priority Academic Program 
Development of Jiangsu Higher Education Institutions (PAPD).

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 College of Veterinary Medicine, Yangzhou University, Yangzhou 225009, 
Jiangsu, China. 2 Jiangsu Co-Innovation Center for the Prevention and Control 
of Important Animal Infectious Diseases and Zoonoses, Yangzhou 225009, 
China. 3 Department of Infectious Diseases and Immunology, College of Veteri-
nary Medicine, University of Florida, Gainesville, FL 32611-0880, USA. 4 Present 
Address: Jiangsu Key Laboratory for High-Tech Research and Development 
of Veterinary Biopharmaceuticals, Jiangsu Agri-Animal Husbandry Vocational 
College, Taizhou 225300, Jiangsu, China. 

Received: 20 January 2022   Accepted: 11 April 2022

References
 1. Gu M, Xu L, Wang X (2017) Current situation of H9N2 subtype avian 

influenza in China. Vet Res 48:49
 2. Li C, Yu K, Tian G (2005) Evolution of H9N2 influenza viruses from domes-

tic poultry in Mainland China. Virology 340:70–83
 3. Wu ZQ, Ji J, Zuo KJ (2010) Cloning and phylogenetic analysis of hemag-

glutinin gene of H9N2 subtype avian influenza virus from different 
isolates in China during 2002 to 2009. Poult Sci 89:1136–1143

 4. Sun Y, Liu J (2015) H9N2 influenza virus in China: a cause of concern. 
Protein Cell 6:18–25

 5. Jin X, Zha Y, Hu J (2020) New molecular evolutionary characteristics of 
H9N2 avian influenza virus in Guangdong Province, China. Infect Genet 
Evol 77:104064

 6. Chambers TM, Kawaoka Y, Webster RG (1988) Protection of chickens from 
lethal influenza infection by vaccinia-expressed hemagglutinin. Virology 
167:414–421

 7. Li Y, Liu M, Sun Q (2019) Genotypic evolution and epidemiological char-
acteristics of H9N2 influenza virus in Shandong Province, China. Poult Sci 
98:3488–3495

 8. Zhu Y, Yang D, Ren Q (2015) Identification and characterization of a novel 
antigenic epitope in the hemagglutinin of the escape mutants of H9N2 
avian influenza viruses. Vet Microbiol 178:144–149

 9. Jin F, Dong X, Wan Z (2019) A single mutation N166D in hemagglutinin 
affects antigenicity and pathogenesis of H9N2 avian influenza virus. 
Viruses 11:709



Page 11 of 11Zhu et al. Veterinary Research           (2022) 53:43  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 10. Kaverin NV, Rudneva IA, Ilyushina NA (2004) Structural differences among 
hemagglutinins of influenza A virus subtypes are reflected in their anti-
genic architecture: analysis of H9 escape mutants. J Virol 78:240–249

 11. Okamatsu M, Sakoda Y, Kishida N (2008) Antigenic structure of the 
hemagglutinin of H9N2 influenza viruses. Arch Virol 153:2189–2195

 12. Ping J, Li C, Deng G (2008) Single-amino-acid mutation in the HA alters 
the recognition of H9N2 influenza virus by a monoclonal antibody. 
Biochem Biophys Res Commun 371:168–171

 13. Wan Z, Ye J, Xu L (2014) Antigenic mapping of the hemagglutinin of an 
H9N2 avian influenza virus reveals novel critical amino acid positions in 
antigenic sites. J Virol 88:3898–3901

 14. Peacock T, Reddy K, James J (2016) Antigenic mapping of an H9N2 avian 
influenza virus reveals two discrete antigenic sites and a novel mecha-
nism of immune escape. Sci Rep 6:18745

 15. Yang W, Punyadarsaniya D, Lambertz RLO (2017) Mutations during the 
adaptation of H9N2 avian influenza virus to the respiratory epithelium 
of pigs enhance sialic acid binding activity and virulence in mice. J Virol 
91:e2125–e2216

 16. Peacock TP, Benton DJ, Sadeyen JR (2017) Variability in H9N2 haemagglu-
tinin receptor-binding preference and the pH of fusion. Emerg Microbes 
Infect 6:e11

 17. Teng Q, Xu D, Shen W (2016) A single mutation at position 190 in hemag-
glutinin enhances binding affinity for human type sialic acid receptor and 
replication of H9N2 avian influenza virus in mice. J Virol 90:9806–9825

 18. Wan H, Perez DR (2007) Amino acid 226 in the hemagglutinin of H9N2 
influenza viruses determines cell tropism and replication in human 
airway epithelial cells. J Virol 81:5181–5191

 19. Sealy JE, Peacock TP, Sadeyen JR (2020) Adsorptive mutation and N-linked 
glycosylation modulate influenza virus antigenicity and fitness. Emerg 
Microbes Infect 9:2622–2631

 20. Peacock TP, Harvey WT, Sadeyen JR (2018) The molecular basis of anti-
genic variation among A(H9N2) avian influenza viruses. Emerg Microbes 
Infect 7:176

 21. Cherry JL, Lipman DJ, Nikolskaya A (2009) Evolutionary dynamics of 
N-glycosylation sites of influenza virus hemagglutinin. PLoS Curr 1:N1001

 22. An Y, Parsons LM, Jankowska E (2019) N-glycosylation of seasonal 
influenza vaccine hemagglutinins: implication for potency testing and 
immune processing. J Virol 93:e1693–e1718

 23. Li Y, Bostick DL, Sullivan CB (2013) Single hemagglutinin mutations that 
alter both antigenicity and receptor binding avidity influence influenza 
virus antigenic clustering. J Virol 87:9904–9910

 24. Su H, Zhao Y, Zheng L (2020) Effect of the selection pressure of vaccine 
antibodies on evolution of H9N2 avian influenza virus in chickens. AMB 
Express 10:98

 25. Jin H, Wang W, Yang X (2018) Evolution of H9N2 avian influenza virus 
in embryonated chicken eggs with or without homologous vaccine 
antibodies. BMC Vet Res 14:71

 26. Lu JH, Liu XF, Shao WX (2005) Phylogenetic analysis of eight genes of 
H9N2 subtype influenza virus: a mainland China strain possessing early 
isolates’ genes that have been circulating. Virus Genes 31:163–169

 27. Hoffmann E, Neumann G, Kawaoka Y (2000) A DNA transfection system 
for generation of influenza A virus from eight plasmids. Proc Natl Acad Sci 
USA 97:6108–6113

 28. Shi H, Ashraf S, Gao S (2010) Evaluation of transmission route and replica-
tion efficiency of H9N2 avian influenza virus. Avian Dis 54:22–27

 29. Peng Q, Zhu R, Wang X (2019) Impact of the variations in potential glyco-
sylation sites of the hemagglutinin of H9N2 influenza virus. Virus Genes 
55:182–190

 30. Reed LJ, Muench H (1938) A simple method of estimating fifty per cent 
endpoints. Am J Epidemiol 27:493–497

 31. Zhu R, Xu D, Yang X (2018) Genetic and biological characterization of 
H9N2 avian influenza viruses isolated in China from 2011 to 2014. PLoS 
One 13:e199260

 32. Zhu H, Lee A, Li C (2018) Low population serum microneutralization 
antibody titer against the predominating influenza A(H3N2) N121K virus 
during the severe influenza summer peak of Hong Kong in 2017. Emerg 
Microbes Infect 7:23

 33. Chambers BS, Parkhouse K, Ross TM (2015) Identification of hemaggluti-
nin residues responsible for H3N2 antigenic drift during the 2014–2015 
influenza season. Cell Rep 12:1–6

 34. Qin T, Zhu J, Ma R (2018) Compatibility between haemagglutinin and 
neuraminidase drives the recent emergence of novel clade 2.3.4.4 H5Nx 
avian influenza viruses in China. Transbound Emerg Dis 65:1757–1769

 35. Spackman E, Senne DA, Myers TJ (2002) Development of a real-time 
reverse transcriptase PCR assay for type A influenza virus and the avian 
H5 and H7 hemagglutinin subtypes. J Clin Microbiol 40:3256–3260

 36. Segovia KM, Franca MS, Bahnson CS (2019) Are microneutralization and 
hemagglutination inhibition assays comparable? Serological results from 
influenza experimentally infected mallard ducks. Avian Dis 63:138–144

 37. Hensley SE, Das SR, Bailey AL (2009) Hemagglutinin receptor binding 
avidity drives influenza A virus antigenic drift. Science 326:734–736

 38. Wang X, Ilyushina NA, Lugovtsev VY (2017) Amino acids in hemagglutinin 
antigenic site B determine antigenic and receptor binding differences 
between A(H3N2)v and ancestral seasonal H3N2 influenza viruses. J Virol 
91:e1512–e1516

 39. Klingen TR, Reimering S, Guzmán CA (2018) In silico vaccine strain predic-
tion for human influenza viruses. Trends Microbiol 26:119–131

 40. Lewis NS, Russell CA, Langat P (2016) The global antigenic diversity of 
swine influenza A viruses. Elife 5:e12217

 41. Lewis NS, Daly JM, Russell CA (2011) Antigenic and genetic evolu-
tion of equine influenza A (H3N8) virus from 1968 to 2007. J Virol 
85:12742–12749

 42. Doud MB, Hensley SE, Bloom JD (2017) Complete mapping of viral 
escape from neutralizing antibodies. PLoS Pathog 13:e1006271

 43. Das SR, Hensley SE, David A (2011) Fitness costs limit influenza A virus 
hemagglutinin glycosylation as an immune evasion strategy. Proc Natl 
Acad Sci USA 108:E1417–E1422

 44. Sealy JE, Yaqub T, Peacock TP (2018) Association of increased receptor-
binding avidity of influenza A(H9N2) viruses with escape from antibody-
based immunity and enhanced zoonotic potential. Emerg Infect Dis 
25:63–72

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	HA gene amino acid mutations contribute to antigenic variation and immune escape of H9N2 influenza virus
	Abstract 
	Introduction
	Materials and methods
	Ethical compliance
	Viruses and cells
	Generation of H9N2 AIVs by reverse genetics
	Determination of the 50% tissue cell infectious dose (TCID50)
	Anti-sera
	Haemagglutinin- inhibition (HI) assay and microneutralization (MN) assay
	Enzyme-linked immunosorbent assay (ELISA)
	Receptor binding assay
	Virus elution assay
	Virus release assay
	Chicken experiments
	Statistical analysis

	Results
	A80V HA mutation leads to significant HI titre reduction
	A180V HA mutation may contribute to escape from neutralizing antibodies
	A180V HA substitution increases the receptor-binding avidity of the F98 virus and does not prevent antibody binding physically
	Viruses with HA A180V substitution elute from cells at a slower rate
	HA A180V substitution slightly reduces the protective efficiency

	Discussion
	Acknowledgements
	References




