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Abstract

Influenza viruses have been posing a great threat to public health and animal industry. The developed vaccines have been
widely used to reduce the risk of potential pandemic; however, the ongoing antigenic drift makes influenza virus escape from
host immune response and hampers vaccine efficacy. Until now, the genetic basis of antigenic variation remains largely unknown.
In this study, we used A /swine/Guangxi/18/2011 (GX/18) and A /swine/Guangdong/104/2013 (GD/104) as models to explore
the molecular determinant for antigenic variation of Eurasian avian-like HIN1 (EA H1N1) swine influenza viruses (SIVs),
and found that the GD/104 virus exhibited 32764-fold lower antigenic cross-reactivity with antibodies against GX/18 virus.
Therefore, we generated polyclonal antibodies against GX/18 or GD/104 virus and a monoclonal antibody (mAb), named
mAb102-95, targeted to the hemagglutinin (HA) protein of GX/18 virus, and found that a single amino acid substitution at
position 158 in HA protein substantially altered the antigenicity of virus. The reactivity of GX/18 virus containing G158E
mutation with the mAb102-95 decreased 8-fold than that of the parental strain. Contrarily, the reactivity of GD/104 virus
bearing E158G mutation with the mAb102-95 increased by 32 times as compared with that of the parental virus. Structural
analysis showed that the amino acid mutation from G to E was accompanied with the R group changing from -H to -(CH
2) 2-COOH. The induced steric effect and increased hydrophilicity of HA protein surface jointly contributed to the antigenic
drift of EA HIN1 SIVs. Our study provides experimental evidence that G158E mutation in HA protein affects the antigenic
property of EA HIN1 SIVs, and widens our horizon on the antigenic drift of influenza virus.
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Summary:

Influenza viruses have been posing a great threat to public health and animal industry. The developed
vaccines have been widely used to reduce the risk of potential pandemic; however, the ongoing antigenic drift
makes influenza virus escape from host immune response and hampers vaccine efficacy. Until now, the genetic
basis of antigenic variation remains largely unknown. In this study, we used A/swine/Guangxi/18/2011
(GX/18) and A/swine/Guangdong/104/2013 (GD/104) as models to explore the molecular determinant for
antigenic variation of Eurasian avian-like HIN1 (EA HIN1) swine influenza viruses (SIVs), and found that
the GD/104 virus exhibited 32764-fold lower antigenic cross-reactivity with antibodies against GX/18 virus.
Therefore, we generated polyclonal antibodies against GX/18 or GD/104 virus and a monoclonal antibody
(mAb), named mAb102-95, targeted to the hemagglutinin (HA) protein of GX/18 virus, and found that a
single amino acid substitution at position 158 in HA protein substantially altered the antigenicity of virus.
The reactivity of GX/18 virus containing G158E mutation with the mAb102-95 decreased 8-fold than that of
the parental strain. Contrarily, the reactivity of GD/104 virus bearing E158G mutation with the mAb102-95
increased by 32 times as compared with that of the parental virus. Structural analysis showed that the amino
acid mutation from G to E was accompanied with the R group changing from -H to -(CHs)2-COOH. The
induced steric effect and increased hydrophilicity of HA protein surface jointly contributed to the antigenic
drift of EA HIN1 SIVs. Our study provides experimental evidence that G158E mutation in HA protein
affects the antigenic property of EA HIN1 SIVs, and widens our horizon on the antigenic drift of influenza
virus.
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1. Introduction

Influenza A virus (IAV) is an important respiratory pathogen that continually impacts human public health
and the animal industry. The wild waterfowl has been thought to be the natural reservoir for IAV, however,
the viruses frequently jump species barriers and infect humans and other mammals, such as pigs, cats,
horses, and whales(Zhu et al., 2019a). Swine is of particular significance due to its susceptibility to avian,
swine, and human influenza viruses and has been regarded as “gene mixing vessels” to generate virus with
pandemic potential(Ma et al., 2008, Ito et al., 1998). Systematic surveillance of swine influenza viruses
(SIVs) is essential for early warning and preparedness for the next potential pandemic. In China, pigs are
not vaccinated against influenza virus, and distinct lineages of SIVs, such as classical swine HIN1 (CS HIN1),
Eurasian avian-like HIN1 (EA HIN1), and triple reassortant H3N2 (TR H3N2), have been co-circulating
in pig herds(Zhu et al., 2019b). EA HIN1 SIVs were firstly transmitted from waterfowl to pigs in 1979 in
Europe(Pensaert et al., 1981) and gradually became the predominant lineage in China(Yang et al., 2016).
Since 2009, the 2009 pandemic (pdm/09) HIN1 in humans quickly transmitted to pigs(Weingartl et al.,
2010, Pereda et al., 2010), and genetic reassortants between EA HIN1 SIVs and pdm/09 HIN1 have been
frequently reported among pigs(Zhu et al., 2011, Cao et al., 2019). Notably, sporadic human infections of EA
HI1N1 and other reassortant SIVs highlight the importance of influenza surveillance in pigs and humans(Yang
et al., 2012, Zhu et al., 2016b, Xie et al., 2018).

As a multifunctional protein, a single amino acid mutation in hemagglutinin (HA) can largely alter the
biological property of virus. For example, G225E mutation in HA has been confirmed to significantly improve
the respiratory droplet transmission of EA HIN1 SIVs in guinea pigs(Wang et al., 2017). Neutralizing



antibodies stimulated by HA protein can protect humans or animals against influenza virus infection. HA
protein consists of two polypeptides, HA1 and HA2, and HA1 plays much important roles than HA2 in
triggering host immune response(Chi et al., 2005). Accumulation of amino acid mutations in HA1 usually
cause antigenic drift, making the vaccine unable to offer effective protection against antigenically mismatched
circulating strains. When the prevalent viruses show a greater than 4-fold difference in hemagglutinin
inhibition (HI) assay titer from the vaccine strain, the immunity induced by the vaccine does not prevent
the circulation of such viruses in population(Smith et al., 2001). Therefore, identification of the genetic
determinants for antigenic variation will be undoubtedly invaluable for vaccine development and prevention
of influenza virus outbreaks.

Currently, EA HIN1 SIVs have been frequently recombining with other influenza viruses, such as pdm/09
HIN1 and TR H3N2(He et al., 2018). Importantly, the overwhelming majority of the reassortants pre-
served the HA and NA genes of EA HINI SIVs(Sun et al.,, 2020), indicating that studying the ge-
netic basis for antigenic drift of EA HIN1 SIVs is essential to evaluate the antigenic properties of
SIVs. Our previous study demonstrated that EA HIN1 SIVs formed two distinct antigenic groups, and
A /swine/Guangdong/104/2013 (GD/104) virus exhibited 32764-fold lower antigenic cross-reactivity with
antibodies against A/swine/Guangxi/18/2011 (GX/18) virus(Yang et al., 2016). In this study, we used
GX/18 and GD/104 as models to explore the underlying mechanism of this difference in antigenicity.

2. Materials and methods
2.1 Ethics statement and facility.

All animal experiments were 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 Republic
of China. All studies were conducted in a biosecurity level 2 laboratory approved for such use by the
Harbin Veterinary Research Institute (HVRI) of the Chinese Academy of Agricultural Sciences (CAAS).
The protocol was approved by the Committee on the Ethics of Animal Experiments of the HVRI of the
CAAS.

2.2 Viruses and cells.

The EA HIN1 SIVs, A/swine/Guangxi/18/2011 (GX/18) and A/swine/Guangdong/104/2013 (GD/104),
were isolated in slaughterhouse during routine surveillance from 2010 to 2013. HEK293T and Sp2/0 cells
were maintained in Dulbecco’s modified Eagle’s medium and RPMI 1640 medium with 10% fetal calf serum
at 37°C in 5% COa, respectively.

2.3 Antisera and monoclonal antibody preparation.

Antisera from ferrets against GX/18 or GD/104 were obtained from our previous study(Yang et al., 2016),
and counterparts from guinea pigs were generated by using six-week-old animals (Vital River Laboratories,
Beijing, China) that were serologically negative for circulating seasonal influenza A and B viruses. Two guinea
pigs were intranasally inoculated with 105EIDs5q of each virus in a volume of 300 ul (150 ul per nostril), and
the antisera were collected 3 weeks after inoculation by euthanizing the animals. After being treated with
vibrio choleraereceptor-destroying enzyme (DenkaSeiken) for 18h at 37°C and heat-inactivated at 56°C for
30 min, the antisera were ready for HI assay. The mAb used in this study was produced according to the
standard protocol previously described by Li et al .(Li et al., 2017). Briefly, BALB/c mice were immunized
intraperitoneally with 500ul B-Propiolactone-inactive GX/18 virus (with 28hemagglutination unit) at 6-, 9-,
and 11-weeks old. Three days after the final immunization, the mice were euthanized and splenocytes were
collected. The spleen cells were fused with Sp2/0 cells to produce a hybridoma as described by Gefter et al
.(Gefter et al., 1977), and cloned in 96-well plate with HAT medium. The positive hybridoma clones were
screened through HI assay and then subcloned four times by limiting dilution method. Finally, the cloned
hybridoma cells were injected into the peritoneum of the BALB/c mice, and abdominal ascites were collected
7 days later.

2.4 Antigenic cartography.



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

2.5 Virus rescue.

The eight gene segments of GX/18 and GD/104 were inserted into the vVRNA-mRNA bidirectional tran-
scription vector pBD to rescue rGX/18, rGD/104 and the reassortant and mutant viruses as described
previously(Ping et al., 2008). Mutations were introduced into HA gene in the background of GX/18 and
GD/104 by site-directed mutagenesis (Invitrogen) according to the manufacturer’s protocol. Gene-specific
primers used in study were shown in Table 1, and all the rescued viruses were completely sequenced to avoid
the unwanted mutations.

2.6 HI assay.

The HI assay was performed following the standard methods. Briefly, 25 ul of 2-fold serially diluted antisera
or mAb were mixed with 25 yl of 4 HA units of tested virus. After incubating at room temperature for 30
min, 50 pl of 0.5% chicken red blood cells were added to each well and incubated at room temperature for
40 min. The HI titer was defined as the reciprocal of the highest serum dilution that completely inhibited
hemagglutination.

3. Results
3.1 EA H1IN1 SIVs form two distinct antigenic groups.

Preexisting immunity can protect hosts from related influenza viruses, but antigenic drift can decrease the
protective efficacy. Yang et al. previously evaluated the antigenic relationship of EA HIN1 SIVs isolated
from 2010 to 2013(Yang et al., 2016), and we quantitatively analyzed their cross-reactivity with ferret
antisera using the methods described by Smith et al .(Smith et al., 2004). The 10 EA HIN1 SIVs could
be classified into two different antigenic groups A and B (Figure 1). Most of them were in group A, while
two viruses, A /swine/Guangdong/104/2013 and A /swine/Guangdong/306,/2013, belonged to group B. These
results demonstrated that the isolated EA HIN1 SIVs form two distinct antigenic groups, but the underlying
genetic determinants for the antigenic variation remains unclear.

3.2 The GD/104 virus exhibits low antigenic cross-reactivity with antibodies against GX/18
virus.

The representative viruses in group A and B, GX/18 and GD/104, were used as models to explore the genetic
basis for antigenic drift of EA HIN1 SIVs. To further investigate their antigenic relationship, ferret, and
guinea pig antisera against the two viruses and a monoclonal antibody (mAb), named mAb102-95, targeted to
the HA protein of GX/18 virus, were successfully generated. Additionally, four viruses, designated rGX/18,
rGD/104, rGX/18-GDHA and rGD/104-GXHA, were rescued to evaluate the cross-reactivity with these
antibodies.

As shown in Table 2, the antisera against GX/18 reacted well with rGX/18 and rGD/104-GXHA viruses
(titers 1:1,280 to 1:2,560) but poorly with rGD/104 and rGX/18-GDHA viruses (titers 1:40 to 1:80). Sim-
ilarly, the antisera against GD/104 reacted well rGD/104 and rGX/18-GDHA viruses (titers 1:1,280 to
1:2,560) but poorly with rGX/18 and rGD/104-GXHA viruses (titers 1:80 to 1:160). Moreover, the reac-
tive titers of rGX/18 and rGD/104-GXHA viruses with the mAb102-95 were high up to 1:5,120, which was
32-fold higher than those of rGD/104 and rGX/18-GDHA viruses with mAb102-95. Since the significantly
different reactivity of rGX/18 and rGD/104 with mAb102-95, the critical antigenic amino acid was explored
by use of mAb102-95 in the following study.

3.3 The amino acid at position 158 in HA was major determinant for antigenic alteration of
EA H1IN1 SIVs.

Sequence alignment revealed that the HA1 proteins of GX/18 and GD/104 viruses differed by 25 amino acids



(Figure 2A). And nine of them have been reported to be located on the antigenic sites Sa (blue), Sb (yellow)
and Ca2 (red)(Jin et al., 2005, Tsibane et al., 2012, Koel et al., 2013), as shown in the stimulated 3D structure
of GX/18 HA protein generated by using SWISS-MODEL (www. swissmodel.expasy.org) (Waterhouse et
al., 2018)and PyMOL software (Figure 2B). To determine whether these nine amino acids contribute to
the different antigenicity of GX/18 and GD/104 viruses, we generated four chimeric viruses in the GX/18
background. rGX/18-GDpool contained all the nine different amino acids of GD/104 virus, rGX/18-GDSa
contained K156Q, G158E, and K166N mutations in Sa site, rGX/18-GDSb contained T187N, D188Y, S189R,
and T193A mutations in Sb site, and rGX/18-GDCa2 contained S138A and N145K mutations in Ca2 site.
The cross-reactivity of the four recombinant viruses with the mAb102-95 were evaluated. As shown in Figure
3, the reactive titers of rGX/18-GDSb and rGX/18-GDCa2 viruses with mAb102-95 were comparable to
those of the parental rGX/18 virus and reached 1:2,560. However, the reactive titers of rGX/18-GDpool
and rGX/18-GDSa were 8732-fold lower than those of the parental rGX/18 virus and only reached 1:160
and 1:640, respectively. These results demonstrated that the nine different amino acids, especially the Sa
antigenic site, played critical roles in viral antigenic drift.

Sa antigenic sites of the GX/18 and GD/104 viruses differed by three amino acids at positions 156, 158,
and 166. To further refine the impact of specific mutation on antigenicity, the amino acid substitutions
K156Q, G158E, and K166N were individually introduced into the GX/18 virus, and their cross-reactivity
with mAb102-95 were assessed by HI tests. As shown in Figure 3, rGX/18-HA-K156Q and rGX/18-HA-
K166N viruses had the similar reactive patterns with the parental rGX/18 virus, and the HI titers were
comparable to the homologous ones. However, the reactive titer of rGX/18-HA-G158E with mAb102-95
was 8-fold lower than the homologous titer and only reached 1:640. Additionally, the E158G mutation
substantially increased the cross-reactivity of rGD/104-HA-E158G with the mAb102-95 and the HI titer was
up to 1:5,120. These results further indicated that a single amino acid substitution at position 158 in HA
protein significantly affected viral antigenicity.

3.4 The amino acid at position 158 alters virus reactivity with antibodies due to steric effect.

To investigate how the HA gene affects the antigenic differences between GX/18 and GD/104 viruses, we
compared the 3D structure of GX/18-HA-158G and GX/18-HA-158E proteins. As shown in Figure 4,
the amino acid mutation from G to E caused the R group changing from -H to -(CHs)2-COOH, and the
consequent steric effect directly hindered the recognition of antibody to HA protein. Additionally, the
polarity of -H was almost negligible compared to that of -(CHy)2-COOH, so E was comparatively more
hydrophilic than G. Since the hydrophobic interaction is the principle driving force for protein folding(Zhu
et al., 2016a), the G158E mutation might also affect the local folding of HA protein through altering the
degrees of hydrophobicity and further impact the binding affinity with antibody, resulting in antigenic drift
ultimately.

4. Discussion

EA HINI1 SIVs have been circulating in pig herbs in Europe and Asia for decades. Continual mutations
and recombination with other viruses have entitled EA HIN1 SIVs to form distinct antigenic groups, with
markedly different antigenicity from those of the pdm/09 HIN1 viruses. And antigenic variants escaping
pre-existing immunity might cause outbreaks in pigs and pose greater risks to human health. In this study,
we used A/swine/Guangxi/18/2011 and A/swine/Guangdong/104/2013 as models to explore the genetic
basis of antigenic drift of EA HIN1 SIVs, and found that a single amino acid at position 158 in Sa antigenic
site substantially contributed to the antigenic variation.

Five major antigenic sites, Sa, Sb, Cal, Ca2 and Cb, have been mapped onto the HA1 protein and antibodies
targeting each of which can neutralize the infectivity of influenza virus. The immunodominant site Sa is
located proximal to the receptor binding site and elicits high potency neutralizing antibodies(Shembekar et
al., 2013). In the past decades, amino acid mutations in Sa site have induced antigenic variability of different
subtype influenza viruses. The pdm/09 HIN1 continues to circulate worldwide and cause periodic outbreaks
in human population. Boivin et al . previously reported that A /California/07/09 vaccine cannot protect mice



against lethal infection of rescued virus with G158E and N159D mutations in the Sa antigenic site(Retamal
et al., 2017). Smith et al . created an antigenic evolution map using HI assay data and demonstrated that
amino acid changes in Sa site repeatedly involved in antigenic variations of H3N2 influenza viruses(Smith et
al., 2004). In the present study, G158E mutation considerably decreased the reactivity of GX/18 virus with
the homologous antibodies, further suggesting Sa antigenic site played a pivotal role in antigenic drift of EA
HIN1 SIVs.

Amino acid mutations can affect influenza virus antigenicity in a variety of ways, such as altering glycosylation
of HA protein and the binding affinity between epitope and antibody. Previous study demonstrated that
E131N mutation changed the antigenic properties of H5N1 avian influenza viruses through forming a new
N-linked glycosylation site at positions 131-133(Gu et al., 2019). Here, we found that G158E substitution
contributed to the antigenic drift of EA HIN1 SIVs via decreasing the binding affinity between HA and
antibody. Accompanied with G158E mutation, the R group changed from -H to -(CHz)2-COOH, resulting
in the alteration of spatial structure and hydrophobicity. The umbrella-like sidechain of E and its improved
hydrophilicity might jointly block the interaction between HA protein and antibody.

Notably, G158E mutation substantially decreased, rather than eliminated, the reactivity of GX/18 with
mAb102-95, suggesting other amino acid(s) acts as assistant to unitedly cause antigenic variation. Moreover,
Sunet al . identified 77 EA HIN1 SIVs, isolated in slaughterhouse in 10 provinces in China from 2011 to
2018, and found these viruses could be classified into two antigenic groups based on the HI assays(Sun et al.,
2020). However, sequence analysis showed that 158G, not 158E, were conserved in all the 77 viruses (data not
shown), indicating that the 158G-related viruses are still the predominant strains in China currently. The
underlying mechanism of G158E altering the antigenic property of EA HIN1 SIVs remains ambiguous and
the other amino acids behind antigenic drift still needs to be further investigated. These data revealed that
EA HIN1 SIVs have been evolving in a complex direction and highlight the importance of active surveillance
and evaluating the virus antigenic properties.
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Figure Legends

Figure 1 Antigenic cartography of EA HIN1 SIVs. Filled squares and circles represent the positions of
antisera and viruses, respectively. The spacing of one gridline corresponds to an HI measurement, which
equals a 2-fold difference in the HI assay. All the three axes represent antigenic distance. Strains belonging
to the same antigenic cluster are encircled in a circle. Details of the HI assay data have been reported
previously(Yang et al., 2016).

Figure 2 (A) Amino acid differences in HA1 protein between GX /18 and GD/104 viruses are shown as single
letters at the indicated positions. Each amino acid of GX/18 is shown before the number of the position,
and that of GD/104 is shown after the number of the position. (B) 3D structure of the HA protein with 9



different amino acids. The 3D structure of GX/18-HA protein is predicted by SWISS-MODEL and analyzed
with PyMOL software. Different amino acids in HA1 protein are marked with different color. Residues
located in antigenic site Sa are labeled as blue, site Sb as yellow, and site Ca2 as red. *, since the amino
acid at position 175 is buried internally, the effect of E175R mutation on antigenicity was not evaluated.

Figure 3 The reactivity of rGX/18 viruses bearing different amino acid mutations in HA with mAb102-95.
The reactivity was tested by using the HI assay and the dashed line indicates the limit of detection.

Figure 4 Structural analysis of amino acid mutation G158E. The structural change from 158G to 158E is
analyzed by use of PyMOL software, and the figure only shows the difference of R group.

TABLE 1 Primers used for pBD ¢cDNA construction and for introducing mutations into the HA gene of
the reassortant and mutant viruses.

Primers (5-3")¢

Primers (5-3")¢

Purpose

PB2 amplification
PB1 amplification
PA amplification
HA amplification
NP amplification
NA amplification
M amplification

NS amplification
GX/18-HA1-S138A
GX/18-HA1-N145K
GX/18-HA1-K156Q
GX/18-HA1-G158E
GX/18-HA1-K166N
GX/18-HA1-T193A

Forward
CCAGCAAAAGCAGGTCAAATATATTCAA
CCAGCAAAAGCAGGCAAACCATTTGA
CCAGCAAAAGCAGGTACTGAT
CCAGCAAAAGCAGGGGAAAATT
CCAGCAAAAGCAGGGTAGATAATCACTCA
CCAGCAAAAGCAGGAGTTTAAAATG
CCAGCAAAAGCAGGTAGATAT
CCAGCAAAAGCAGGGTGACAAA
GTACCACAGTTGCATGCTCCCAC
CACTCTGGAGCCAAAAGCTTTTATC
TTTACTATGGATAGTACAGAAAGGAAACT
ATGGATAGTAAAGAAAGAAAACTCC
ATCCTAAGCTCAGCAATTCATACAC
CAGAGACCAACAAGCCCTCTACCAG

GX/18-HA1-T187N/D188Y/S189R CACCCTCCGAACTACAGAGACCAAC

Reverse

TTAGTAGAAACAAGGTCGTT
TTAGTAGAAACAAAGGCATTT
TTAGTAGAAACAAGGTACTTT
TTAGTAGAAACAAGGGTGTT]
TTAGTAGAAACAAGGGTATTT
TTAGTAGAAACAAGGAGTTT
TTAGTAGAAACAAGGTAGTTT
TTAGTAGAAACAAGGGTGTT]
CAACTGTGGTACCTCTGGTG(
TTTGGCTCCAGAGTGGGAGC
GTACTATCCATAGTAAATTCCH
TCTTTCTTTACTATCCATAGT.
ATTGCTGAGCTTAGGATAGGA
CTTGTTGGTCTCTGTAGTTC
TCTGTAGTTCGGAGGGTGGT

® Nucleotides that were changed are underlined and in boldface type.

TABLE 2 Antigenic analysis of the EA HIN1 SIVs

Virus Ferret antiserum® Ferret antiserum® Guinea pig antiserum® Guinea pig antiserum® mAb?®
GX/18 GD/104 GX/18 GD/104 102-95
rGX/18 2560 80 2560 160 5120
rGD/104 80 2560 40 1280 160
rGX/18-GDHA 80 1280 40 1280 160
rGD/104-GXHA 1280 80 1280 160 5120

% Homologous titers are underlined and bolded.
® mAb, monoclonal antibody
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