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Antigenic drift forces us to frequently update influenza vaccines; however, the genetic basis for antigenic variation remains
largely unknown. In this study, we used clade 7.2 H5 viruses as models to explore the molecular determinants of influenza virus
antigenic variation. We generated eight monoclonal antibodies (MAbs) targeted to the hemagglutinin (HA) protein of the index
virus A/chicken/Shanxi/2/2006 and found that two representative antigenically drifted clade 7.2 viruses did not react with six of
the eight MAbs. The E131Nmutation and insertion of leucine at position 134 in the HA protein of the antigenically drifted strains
eliminated the reactivity of the virus with the MAbs. We also found that the amino acid N131 in the H5 HA protein is
glycosylated. Our results provide experimental evidence that glycosylation and an amino acid insertion or deletion in HA
influence antigenic variation.
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INTRODUCTION

Influenza viruses are widely circulating in nature; they can
infect humans, various other mammals, and avian species.
The natural hosts of influenza viruses are wild birds and
waterfowl, from which influenza viruses bearing different
subtypes of hemagglutinin (HA) (H1–H16) and neur-
aminidase (NA) (N1–N9) have been detected. H1N1, H2N2,
and H3N2 viruses have caused four influenza pandemics
since 1918, and H1N1 and H3N2 viruses continue to co-
circulate in humans globally. In recent years, several sub-

types of avian influenza virus, including H5N1, H7N7,
H7N9, and H9N2, have been reported to infect humans and
exhibit pandemic potential (Fouchier et al., 2004; Herfst et
al., 2012; Imai et al., 2012; Kimble et al., 2011; Li et al.,
2014b; Sorrell et al., 2009; World Health Organization,
2014; Zhang et al., 2013a; Zhang et al., 2013b). The H5N1
viruses have caused disease outbreaks in poultry and wild
birds in more than 60 countries across three continents since
2003 (Li et al., 2014a; Swayne, 2012). Over 800 human
infections have been reported in 16 countries with a mortality
rate of nearly 60% (World Health Organization, 2018b). The
H7N9 viruses caused more than 1,560 human infections
betweenMarch 2013 and February 2018 with a mortality rate
of nearly 40% (World Health Organization, 2018a). After an
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H7N9 vaccine was introduced in poultry in September 2017,
the prevalence of the H7N9 virus in poultry was prevented
and subsequently human infections with H7N9 virus were
also successfully eliminated (Shi et al., 2018; Wei and Cui,
2018; Zeng et al., 2018).
Vaccination is an important strategy to protect humans or

animals from influenza virus infection. The HA protein of
influenza virus is a surface glycoprotein and is the main
target of neutralizing antibodies. Influenza viruses can mu-
tate during their replication. When mutations in the HA
protein alter the antigenicity of the viruses, antigenic drift
strains will escape from the host’s preexisting immunity and
cause a new influenza epidemic. In such a situation, the
current vaccine must be updated. Currently, vaccine seed
viruses are updated only after antigenically drifted strains are
prevalent in nature. Identification of genetic determinants for
antigenic variation would therefore provide important in-
sights for screening and early detection of antigenically
drifted viruses, which in turn would be invaluable for vac-
cine preparation.
H5N1 viruses have evolved into 10 phylogenetic clades (0–

9) based on the genetic diversity of their HA genes (WHO-
OIE-FAO H5 evolution working group, 2008). The clade
7.2 H5N1 viruses were initially detected in chickens in Shanxi
province in China in 2006 and subsequently spread to chickens
in several other northern provinces (Li et al., 2010; Liu et al.,
2016). The viruses reassorted with other influenza viruses and
formed different genotypes of H5N1 and H5N2 viruses (Liu et
al., 2016). To control the clade 7.2 viruses, an inactivated
vaccine containing the modified HA gene of the CK/SX/2/06
virus (the index strain of clade 7.2), designated Re-4, was
developed and had been used to control clade 7.2 virus in-
fection of chickens in China since 2006 (Li et al., 2014a).
However, viruses isolated between 2011 and 2014 showed
antigenic drift from CK/SX/2/06, and a new vaccine (termed
Re-7) with a seed virus that bears the modified HA of A/
chicken/Liaoning/S4092/2011 (CK/LN/S4092/11) was devel-

oped and has been used in place of Re-4 since 2014 to control
the clade 7.2 viruses (Liu et al., 2016). In this study, we used the
clade 7.2 H5 viruses as models to explore the genetic changes
that affect the antigenic properties of influenza viruses.

RESULTS

The clade 7.2 H5 viruses form three distinct antigenic
groups

To fully understand the antigenic relationships of the clade
7.2 H5 viruses, we selected nine viruses that were isolated
between 2006 and 2013 and investigated their cross-re-
activity with chicken antisera induced by an HA DNA vac-
cine of each of seven viruses by using the hemagglutinin
inhibition (HI) test (Table 1). These antigenic data were also
analyzed quantitatively by using the methods described by
Smith et al. (Smith et al., 2004). The nine viruses formed
three different antigenic clusters: cluster I, which contain the
index isolate A/chicken/Shanxi/2/2006(H5N1) (CK/SX/2/
06); cluster II, which includes A/chicken/Jiangsu/18/2008
(H5N1) (CK/JS/18/08) and A/chicken/Shandong/A-8/2011
(H5N1) (CK/SD/A-8/11); and cluster III, which contains the
other six strains, namely A/chicken/Hebei/A/2012(H5N2)
(CK/HeB/A/12), A/chicken/Liaoning/S4068/2011(H5N1)
(CK/LN/S4068/11), A/chicken/Liaoning/S4092/2011(H5N1)
(CK/LN/S4092/11), A/chicken/Ningxia/2/2012(H5N1) (CK/
NX/2/12), A/chicken/Gansu/6/2012(H5N1) (CK/GS/6/12),
and A/chicken/Hebei/3/2013(H5N2) (CK/HeB/3/13) (Figure
1). These results demonstrate that the CK/JS/18/08-like
viruses and the CK/HeB/A/12-like viruses are antigenically
drifted from the CK/SX/2/06 virus and from each other.

The CK/JS/18/08 and CK/HeB/A/12 viruses do not react
with monoclonal antibodies (MAbs) generated against
the CK/SX/2/06 virus

An amino acid mutation in the epitope of HA may alter the

Table 1 Antigenic analysis of clade 7.2 H5 subtype avian influenza viruses

Virus
Hemagglutinin inhibition (HI) antibody titer with the antiserum of different virusesa)

CK/SX/2/06 CK/JS/18/08 CK/HeB/A/12 CK/SD/A-8/11 CK/LN/S4068/11 CK/HeB/3/13 CK/GS/6/12

CK/SX/2/06 (H5N1) 128b) 8 4 2 2 2 2

CK/JS/18/08 (H5N1) 2 256 4 128 2 4 2

CK/HeB/A/12 (H5N2) 4 4 128 4 16 16 16

CK/SD/A-8/11 (H5N1) 4 64 8 128 4 8 4

CK/LN/S4068/11 (H5N1) 4 4 64 4 64 32 32

CK/HeB/3/13 (H5N2) 8 8 64 8 64 512 64

CK/GS/6/12 (H5N1) 8 8 64 8 32 32 128

CK/LN/S4092/11 (H5N1) 8 8 64 8 64 64 64

CK/NX/2/12 (H5N1) 4 8 64 4 32 32 32

a) Antisera were generated by vaccinating specific-pathogen-free chickens with hemagglutinin-expressing plasmids of the indicated viruses. b) Homo-
logous HI titers are shown in boldface.
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reactivity of the virus with the monoclonal antibody (MAb)
that targets that epitope, and further alter the antigenicity of
the influenza virus. To investigate the reactivity of CK/JS/18/
08 and CK/HeB/A/12 with MAbs targeted to CK/SX/2/06,
we successfully generated eight MAbs, named SX-53, SX-
59, SX-88, SX-89, SX-25, SX-16, SX-64, and SX-84,
against the HA protein of CK/SX/2/06 as described in the
Materials and Methods section. HI tests showed that MAbs
SX-64 and SX-84 reacted well with these three viruses; the
other six MAbs (SX-16, SX-25, SX-53, SX-59, SX-88, and
SX-89) only reacted with CK/SX/2/06 and not with CK/JS/
18/08 and CK/HeB/A/12 (Figure 2). To eliminate the impact
of other virus proteins on the HI assay, we generated three
reassortants bearing the HA gene from the three re-
presentative viruses, the NA gene of CK/SX/2/06, and the six
internal genes of A/Puerto Rico/8/1934 (H1N1) (PR8) by
using reverse genetics. Of note, we also removed the mul-
tiple basic amino acids in the cleavage site of the HA gene of
these reassortants to eliminate their potential virulence to
poultry and mammals. The rescued viruses were named PR8-
SX/HA, PR8-JS/HA, and PR8-HeB/HA, and the HI test re-
sults indicated that the three reassortants and their HA gene
donors had similar reaction patterns to the eight MAbs
(Figure 2). These results show that the epitopes targeted by
MAbs SX-64 and SX-84 are conserved in all three viruses,
but the epitopes targeted by the other six MAbs have chan-
ged in CK/JS/18/08 and CK/HeB/A/12.

The E131N mutation and a leucine insertion at position
134 in HA change the reactivity of PR8-SX/HA with
different MAbs

A detailed amino acid comparison revealed that there were

18 amino acid differences between CK/SX/2/06 and CK/JS/
18/08 and 30 amino acid differences between CK/SX/2/06
and CK/HeB/A/12 in their HA1 protein (Figure 3A). Se-
venteen of these amino acids (shown in red in Figure 3A) are
located on the surface of the globular head of the HA protein,
as shown in the simulated 3D structure of CK/SX/2/06 HA
(Figure 3B) generated by using SWISS-MODEL (www.
swissmodel.expasy.org)(Waterhouse et al., 2018) and Pymol
software.
To pinpoint which of these amino acids contribute to the

different reactivity to the MAbs, we generated 15 mutants by
reverse genetics in the PR8-SX/HA background; each of
these mutants contains one or two of the seventeen amino
acids showed in red in Figure 3A that appeared in the HA1 of
CK/JS/18/08 and/or CK/HeB/A/12. These mutants were
designated SX/HA-K62E, SX/HA-E78K, SX/HA-A93V,
SX/HA-H117R, SX/HA-K122E, SX/HA-S126F, SX/HA-
S126H, SX/HA-E131N-A132T, SX/HA-134Lins (leucine
insertion at position 134), SX/HA-G143E-K144N, SX/HA-
K144D, SX/HA-T171A-E174K, SX/HA-D187N-T189A,
SX/HA-V192I-K193M, and SX/HA-V192K-K193M (H3
numbering throughout).
We then performed HI tests with the 15 mutants and the six

MAbs (SX-16, SX-25, SX-53, SX-59, SX-88, and SX-89)
that reacted with CK/SX/2/06 but not with CK/JS/18/08 and
CK/HeB/A/12 (Figure 2). We found that the mutant SX/HA-
E131N-A132T did not react with any of the MAbs, and that
the mutant SX/HA-134Lins did not react with the four of the
MAbs but reacted with MAbs SX-88 and SX-89. The other
13 mutants reacted with all six of the MAbs. These findings
demonstrate that MAbs SX-16, SX-25, SX-53, and SX-59
have similar reaction patterns with the mutants; they reacted
with 13 of the 15 mutants, but not with the mutant SX/HA-
E131N-A132T or the mutant SX/HA-134Lins. The MAbs
SX-88 and SX-89 have similar reaction patterns with the
mutants; they reacted with 14 of the 15 mutants, but not with

Figure 1 Antigenic cartography of clade 7.2 H5 viruses. Open squares
and filled circles represent the positions of the antisera and viruses, re-
spectively. The spacing of one gridline corresponds to an HI measurement,
which equals a 2-fold difference in the HI assay. Both axes represent an-
tigenic distance.

Figure 2 Cross-reactivity of different clade 7.2 viruses with monoclonal
antibodies (MAbs) as determined by the HI test. MAbs were generated
against the HA of the index virus CK/SX/2/06; the dashed line indicates the
limit of detection.
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the mutant SX/HA-E131N-A132T, indicating that the four
MAbs SX-16, SX-25, SX-53, and SX-59 may recognize the
same epitope, whereas MAbs SX-88 and SX-89 recognize
another epitope (Figure 4).Therefore, we selected twoMAbs,
SX-53 and SX-88, for further study.
The mutant containing double mutations at positions 131

and 132 of HA (SX/HA-E131N-A132T) did not react with
any of the MAbs tested. Therefore, to investigate which of
these two mutations plays a role in the lack of reactivity, we
generated two more mutants, SX/HA-E131N and SX/HA-
A132T, in the PR8-SX/HA background and tested their re-
activity with MAbs SX-53 and SX-88. We found that the
mutant SX/HA-E131N did not react with either of the two
MAbs, whereas mutant SX/HA-A132T reacted with both
MAbs (Figure 5A), indicating that the E131N mutation
eliminated the reactivity of PR8-SX/HAwith the two MAbs.

The N131E mutation and the 134L deletion alter the
reactivity of PR8-HeB/HA and PR8-JS/HA with MAbs
SX-53 and SX-88

Since the E131N mutation and the 134L insertion were de-
tected in the CK/HeB/A/12 virus and the CK/JS/18/08 virus,
respectively, we investigated how these mutations would
affect the reactivity of the CK/HeB/A/12 virus and the CK/
JS/18/08 virus with MAbs SX-53 and SX-88. We generated
two mutants by introducing the HA N131E into the PR8-
HeB/HA virus and deleting the HA 134L of the PR8-JS/HA
virus, and designated the two mutants HeB/HA-N131E and
JS/HA-134Ldel, respectively. HI test results showed that the
parent viruses PR8-HeB/HA and PR8-JS/HA did not react
with MAbs SX-53 and SX-88, that the mutant HeB/HA-
N131E reacted with MAb SX-88 but not with MAb SX-53,
and that the mutant JS/HA-134Ldel reacted with MAbs SX-

53 and SX-88 (Figure 5A). Of note, the 134L insertion in the
HA also appeared in the other virus in the antigenic cluster II,
and the 131N mutation was present in all of the other five
viruses in the antigenic cluster III shown in Figure 1.

The E131N mutation in HA forms a new N-linked gly-
cosylation site -NAS- at positions 131–133

The E131N substitution in HA formed a new N-linked gly-
cosylation site. We performed Western blotting analysis of
the HA polypeptides of PR8-SX/HA, SX/HA-E131N, PR8-
HeB/HA, and HeB/HA-N131E to investigate whether this
potential glycosylation site was glycosylated. The HA of SX/
HA-E131N showed decreased mobility compared with that
of PR8-SX/HA, whereas HeB/HA-N131E HA showed in-
creased mobility compared with that of PR8-HeB/HA be-
cause of the single amino acid mutation N131E (Figure 5B).
These results confirm that -NXS- at positions 131–133 in the
HA proteins of CK/HeB/A/12 and SX/HA-E131N was in-
deed glycosylated.

DISCUSSION

Antigenic drift frequently occurs during influenza virus cir-
culation in nature, and an antigenically variable virus that
escapes from immunity induced by prior infection or vac-
cination will cause a human influenza epidemic or an avian
influenza outbreak. We used the clade 7.2 H5 viruses as
models to explore the molecular determinants of the anti-
genic drift of influenza viruses, and found that the clade 7.2
viruses isolated between 2006 and 2013 formed three distinct
antigenic groups. We generated and identified two keyMAbs
SX-53 and SX-88 that reacted with the index strain CK/SX/

Figure 3 Amino acid differences in the HA1 of three representative clade 7.2 viruses. A, Amino acid sequence alignment (generated with MegAlign
software) of the HA1 polypeptide of CK/SX/2/06, CK/JS/18/08, and CK/HeB/A/12. The dots show the amino acid residues that are the same as those of CK/
SX/2/06. The dash indicates the lack of a residue compared with CK/JS/18/08 (amino acid numbering is based on H3 HA). The key amino acids in the head of
the HA1 trimer that are different in the three viruses are highlighted in red. B, 3D structure of the HA protein obtained by using SWISS-MODEL; the image
was drawn with Pymol software. The numbers show the positions of the key amino acids in the head of the HA1 trimer that are different in the three viruses.
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Figure 4 The reactivity of different HA mutants of PR8-SX/HA virus with six selected MAbs. The reactivity was tested by using the HI assay; the dashed
lines indicate the limit of detection.

Figure 5 The reactivity of HA mutant viruses with different virus backbones with the MAbs SX-53 and SX-88. A, The reactivity was tested by using the HI
assay; the dashed lines indicate the limit of detection. B, Mobility analysis of HA proteins. Lysates of viruses were analyzed by use of SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blot analysis. Chicken anti-H5 antiserum was used as the primary antibody. Protein bands were detected by
using the Odyssey infrared imaging system after incubation with IRDyeTM700DX-conjugated secondary antibody.
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2/06 virus but not with representative viruses from the other
two antigenic groups in the HI assay. We then constructed a
series of HA mutants of clade 7.2 H5 viruses and tested their
reactivity with the two MAbs, and found that glycosylation
at positions 131–133 in HA and a single amino acid insertion
of 134L in HA independently affected the reactivity of the
clade 7.2 viruses with the two MAbs.
The glycosylation of HA affects the properties of influenza

viruses in multiple ways (Gao et al., 2009; Kawaoka et al.,
1984; Ping et al., 2008; Skehel et al., 1984; Zhao et al.,
2017). Gao et al. previously reported that the loss of glyco-
sylation at positions 158–160 of HAwas responsible for the
binding to α2,6-sialylated glycans of the H5N1 viruses A/
duck/Guangxi/35/2001 and A/Bar-headed goose/3/2005 and
was critical for the transmission of these viruses in guinea
pigs (Gao et al., 2009). Zhao et al. reported that loss of
glycosylation at positions 158–160 of HA attenuated the
H5N1 virus A/chicken/Vietnam-Ca Mau/1180/2006 in mice,
but did not alter its receptor binding property (Zhao et al.,
2017). In the present study, neither PR8-SX/HA nor HeB/
HA-N132E had a glycosylation site at positions 131–133 of
HA. PR8-SX/HA reacted with both MAb SX-53 and MAb
SX-88, whereas HeB/HA-N132E reacted with MAb SX-88
but not MAb SX-53 (Figure 5A). These findings suggest that
HA glycosylation at the same position in different viruses
may function differently, possibly because of differences in
other regions of the protein.
Deletions and insertions regularly occur in the genome of

influenza viruses, and such genome alterations always cause
changes in the biological properties of the viruses. Previous
studies have shown that the deletion of amino acids 191 to
195 of the NS1 protein is critical for the attenuation of the
swine H5N1 virus A/swine/Fujian/1/2003 in chickens,
mainly because this deletion impairs NS1 dimerization,
thereby reducing the interaction of NS1 with TRIM25 and
double-stranded RNAs (Wang et al., 2018; Zhu et al., 2008).
An insertion of amino acids in the HA cleavage site that
creates the motif -BXBR- (B=basic amino acids arginine or
lysine, X=any amino acid, R=arginine) or -RXXR- usually
transforms low pathogenic H5 or H7 viruses into their highly
pathogenic forms (Neumann and Kawaoka, 2006; Senne et
al., 1996; Shi et al., 2017). In this study, we found that the
134L insertion in the HA of CK/SX/02/06 only prevented the
reactivity of the virus with the SX-53-like MAbs (Figure 4).
In contrast, the 134L insertion in the HA of CK/JS/18/08
prevented the reactivity of the virus with all of the SX-53-
like and SX-88-like MAbs (Figure 2), suggesting that other
amino acid changes around this area in the HA of the two
viruses may contribute to the different interactions of the two
viruses with the MAb SX-88-like MAbs.
In summary, here we provided experimental evidence that

glycosylation and an amino acid insertion or deletion in HA
alter the interaction of H5N1 viruses with MAbs, and

therefore have a role in the antigenic variation of influenza
viruses. These findings are important for the screening of
field antigenic variants. Moreover, these data highlight the
importance of evaluating the antigenic properties of viruses
that have changes to their glycosylation sites and/or amino
acid insertions or deletions in their HA.

MATERIALS AND METHODS

Ethics statements and facility

All animal experiments were conducted in biosecurity
level 2 facilities approved by the Harbin Veterinary Re-
search Institute (HVRI) of the Chinese Academy of
Agricultural Sciences (CAAS). This study was carried out
in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
Ministry of Science and Technology of the People’s Re-
public of China.

Viruses and cells

The wild-type clade 7.2 H5N1 avian influenza viruses in this
study were isolated from domestic poultry and were reported
previously (Li et al., 2010; Liu et al., 2016). The 293T and
MDCK cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and were
incubated at 37°C in 5% CO2. Sp2/0 cells were cultured in
RPMI 1640 mediumwith 10% fetal calf serum and incubated
at 37°C in 5% CO2.

Antisera

The antisera specifically against the HA protein were pre-
pared by the method described by Jiang et al. (Jiang et al.,
2007). Briefly, the HA genes of clade 7.2 viruses were cloned
into the plasmid vector pCAGGS. The plasmids were diluted
to 1 μg μL–1 and then injected in a 100-μL volume at the leg
muscle of 4-week-old specific-pathogen-free (SPF) chick-
ens. Antisera were collected 3 weeks post-vaccination.

Antigenic cartography

Analysis of antigenic properties was performed using the
antigenic cartography methods described previously (Smith
et al., 2004). The antigen cartography of the viruses was
constructed by using Antigenic Cartography software (http://
www.antigenic-cartography.org/).

Monoclonal antibodies

The MAbs used in this study were prepared by a modifica-
tion of the method described by Köhler and Milstein (Köhler
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and Milstein, 1976). Briefly, BALB/c mice were injected
intramuscularly with three doses of 50 μg (1μg μL–1) of
plasmid pCAGGS-SX-HA, which expresses the HA gene of
the CK/SX/2/06 virus, at 6 weeks old, 9 weeks old, and 11
weeks old. Three days after the third dose, the mice were
sacrificed and their spleens were removed and disrupted to
obtain splenocytes. Sp2/0 cells and spleen cells were fused
with polyethylene glycol. The fused hybridoma cells were
cultured in a 96-well plate. Twenty-four hours later, half the
medium was replaced with HAT medium; this was repeated
every day for one week. The positive hybridoma cells were
screened by using the HI assay. Positive hybridoma cells
were cloned by limiting dilution and seeded into 96-well
plates at 1 cell per 100 μL per well. After 3 rounds of
cloning, single positive clones were propagated for large-
scale culture. The cloned hybridoma cells were in-
traperitoneally injected into BALB/c mice. Ascites fluid was
collected 7 days later.

HI test

The HI test was performed following standard methods.
Briefly, 25 μL of 2-fold serially diluted antisera or MAbs
was mixed with 25 μL of 4 HA units of virus, and incubated
for 30 min at room temperature. Subsequently, 50 μL of
0.5% chicken red blood cells was added to each well and
incubated for 40 min at room temperature. The HI titer is the
highest dilution of serum or monoclonal antibody that
completely inhibits hemagglutination.

Virus rescue

Reassortant viruses containing HA with the modified clea-
vage site of different clade 7.2 viruses and the NA gene of
CK/SX/2/06 in the background of A/PR/8/34 were generated
by reverse genetics as described previously (Li et al., 2005).
Mutations were introduced into the HA gene by PCR using
the QuickChange Site-Directed Mutagenesis kit. Primer se-
quences are available upon request. The rescued viruses were
fully sequenced to ensure the absence of unwanted muta-
tions.

Western blot

Viruses were propagated in the allantoic fluid of embryo-
nated SPF chicken eggs and purified from the allantoic fluid
by centrifugation. The concentrated viruses were re-sus-
pended with PBS and inactivated with β-propionolactone.
The samples were analyzed by SDS-PAGE and Western
blotting as described previously (Ping et al., 2008). The
chicken antisera induced by the pCAGGS-HA were used as
the primary antibody, and IRDyeTM700DX-conjugated
rabbit anti-chicken antiserum was used as the secondary

antibody (Sigma).
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