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Summary
Background Influenza A (H3N2) virus (A/H3N2) has complex antigenic evolution, resulting in frequent vaccine strain
updates. We aimed to evaluate the protective effect of the vaccine strains on the circulating strains from past ten years
and provide a basis for finding a broader and more efficient A/H3N2 vaccine strain.

Methods Eighty-four representative circulating A/H3N2 strains were selected from 65,791 deposited sequences in
2011–2020 and pseudotyped viruses were constructed with the VSV vector. We immunized guinea pigs with DNA
vaccine containing the A/H3N2 components of the vaccine strains from 2011 to 2021 and tested neutralizing antibody
against the pseudotyped viruses. We used a hierarchical clustering method to classify the eighty-four representative
strains into different antigenic clusters. We also immunized animals with monovalent vaccine stock of the vaccine
strains for the 2020–2021 and 2021–2022 seasons and tested neutralizing antibody against the pseudotyped viruses.

Findings The vaccine strains PE/09, VI/11 and TE/12 induced higher levels of neutralizing antibody against repre-
sentative strains circulating in recommended year and the year immediately prior whereas vaccine strains HK/14,
HK/19 and CA/20 induced poor neutralization against all representative strains. The representative strains were
divided into five antigenic clusters (AgV), which were not identical to gene clades. The AgV5 strains were most
difficult to be protected among the five clusters. Compared with single-dose immunization, three doses of
monovalent vaccine stock (HK/19 or CA/20) could induce stronger and broader neutralizing antibodies against
strains in each of the antigenic clusters.

Interpretation The protective effect of vaccine strains indicated that the accurate selection of A/H3N2 vaccine strains
must remain a top priority. By increasing the frequency of immunization, stronger and broader neutralizing antibodies
against strains in all antigenic clusters were induced, which provides direction for a new immunization strategy.
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Introduction
After the first strain of influenza A virus H3N2 (A/H3N2),
A/Hong Kong/1/1968, was identified in Hong Kong in
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1968, this virus has spreaded rapidly.1 Since its initial
spread, A/H3N2 strains have undergone extensive
genetic and antigenic evolution. Hemagglutinin (HA)
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Research in context

Evidence before this study
We searched the PubMed database on September 16, 2020, with
no restrictions, using the terms “seasonal influenza A/H3N2”
and “vaccine effectiveness”. Most of the results we retrieved
were clinical studies; many were limited to specific regions or
years, and lacked data about vaccine protection against influenza
A/H3N2 circulating viruses during the past ten years.

Added value of this study
In this study, a pseudotyped virus library of 84 globally
representative influenza A/H3N2 strains circulating between
2011 and 2020 was successfully constructed, and guinea pigs
were immunized with DNA vaccines constructed from
recommended vaccine strains. By measuring the
neutralization of these pseudotyped viruses by sera from
immunized animals, we estimated the protective effect of
vaccine strains against circulating influenza strains.
Additionally, a cluster analysis was performed on the
representative circulating strains, yielding five antigenic
clusters. From these clustering results, we concluded that
antigenic clusters are not identical to gene clades. We further
studied the effect of booster immunization on neutralization,

and found that using three doses for immunization
significantly increased the level of neutralizing antibody in
sera; the resulting protective effect against all representative
strains was stronger and more extensive than immunizing
with a single dose.

Implications of all the available evidence
Our results indicate that the vaccine strains recommended
after 2015 do not protect effectively against circulating
influenza strains. This suggests that establishing the
antigenicity of influenza A/H3N2 virus remains difficult, and
that the determination of appropriate vaccine strains should
still be a top priority. Although we were not able to verify
these findings using human immunized sera, the data from
animal sera indicate that three doses of influenza vaccine
induce significantly stronger and broader neutralizing
antibodies against different antigenic strains than a single
dose. This clearly supports the application of a new
immunization strategy. Our research highlights the
importance of selecting the most appropriate influenza
vaccine strains to achieve a high protective efficacy of the
overall seasonal influenza vaccine.
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and neuraminidase (NA) are two major surface glyco-
proteins of influenza virus (IFV). The rapid evolution
and accumulation of changes in HA and NA result in
antigenic drift, which is driven by escape from host
immune responses.2,3 Antigenic drift is achieved via
changes in the amino acids at five antigenic sites.4–6 The
A/H3N2 virus HA proteins have accumulated at least 75
substitutions over the past half century (13% of whole
protein).7 Many HA mutations alter both the antigenic-
ity and receptor-binding properties of IFV.8,9

To increase the effectiveness of the influenza vaccine,
World Health Organization (WHO) Global Influenza
Surveillance and Response System (GISRS) continuously
monitors the IFVs circulating in humans and evaluates
the recommended influenza vaccine composition twice
yearly (https://www.who.int/en/news-room/fact-sheets/
detail/influenza-(seasonal)). Consequently, the influenza
vaccine has been updated every 2–5 years.10 New vaccine
strains should be: significantly different antigenically
from the current vaccine strains, currently the dominant
influenza virus or likely to become it during the
next influenza season, and suitable for vaccine strain
preparation.11 In the past decade, influenza vaccine
strains have been changed seven times.

Many studies have evaluated influenza vaccine effi-
cacy (VE). In the 2014–2015 influenza season, the prev-
alent clade 3C.2a, characterized by the mutations F159Y
and K160T, had a new potential glycosylation site, and the
recommended influenza vaccine had particularly low VE
against this clade12; in the 2016–2017 season, seasonal
influenza vaccine VE was only approximately 43%.13
A meta-analysis of 56 studies using a test-negative
design, which has emerged as a valid method for esti-
mating VE,14 reported a pooled VE for A/H3N2 of 33%.14

Here, we selected influenza vaccine strains and
representative circulating strains from the past decade
and used them to construct pseudotyped viruses with
the vesicular stomatitis virus (VSV) vector. The levels of
neutralization activity against the representative strains
of sera from animals that received influenza vaccine
were tested. This study aimed to evaluate the protective
effect of the influenza vaccine strains against the
circulating strains from the past ten years, analyze the
antigenic differences among the epidemic strains from
the past ten years, and provide a basis for selecting a
broader and more efficient influenza vaccine strain.
Methods
Ethics
All animal procedures were performed in accordance
with guidelines for the ethical review of laboratory ani-
mal welfare of National Institutes for Food and Drug
Control (Number 2020(B) 001), and accept the guidance
and supervision and inspection of the laboratory animal
welfare ethics review committee.
Cells
Huh-7 (human, liver, RRID: CVCL_0336) and 293T
(human, kidney, RRID: CVCL_0063) cell lines were
obtained from the Japan Research Biological Resources
www.thelancet.com Vol 86 December, 2022
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Collection and American Type Culture Collection,
respectively. The cell line has been checked by the cell
identification assay and is free from other cellular
contamination. In addition, exogenous virus factor test
was also performed, showing no exogenous virus
contamination. Sterility testing and mycoplasma testing
have been performed recently, and all meet the
requirements. All cell lines were cultured in Dulbecco’s
modified Eagle’s medium (HyClone, Logan, UT) with
100 U/ml of penicillin-streptomycin solution (GIBCO,
Grand Island, NY), 20 mM N-2-hydroxyethylpiperazine-
N-2-ethane sulfonic acid (GIBCO), and 10% fetal bovine
serum (PAN-Biotech, Adenbach, Germany) at 37 ◦C in a
humidified atmosphere with 5% CO2.
Representative strain selection
All the HA amino acid sequences were downloaded
from the GISAID EpiFlu™ database. Because the HA1
domain contains all the HA protein antigenic sites, only
the HA1 region is considered below. One of the iden-
tical sequences in the HA1 region was selected for
sequence alignment, and the number of repetitions of
the same sequence in the total sequence library was
calculated. We used Clustal-omega for protein sequence
alignment. We constructed evolutionary trees by year
because of the large number of sequences. Phylogenetic
trees were constructed using a phyml/IFV-specific
amino acid substitution rate matrix. The evolutionary
tree was clustered using ClusterTree (https://biit.cs.ut.
ee/clustvis/). The lower the threshold is set, the finer
the segmentation of the resulting evolutionary tree, so
we set the threshold at 0.05, which can completely
separate the vaccine strains of 2011–2020.
Phylogenetic tree
A maximum likelihood phylogenetic tree was con-
structed for 84 representative sequences using MEGA.
The resulting phylogenetic tree was further modified
using the software Adobe Illustrator CS6.
A/H3N2 pseudotyped virus production
The HA protein sequences listed in Table 2 were
downloaded from GISAID. The HA protein expression
plasmid pcDNA3.1-HA was constructed from the Gen-
Bank sequence MN908947; the entire sequence was
synthesized on the backbone plasmid pcDNA3.1(+) us-
ing General Biological System (Anhui, China). The
replication-defective G*ΔG-VSV (Kerafast, Boston, MA)
was used as the backbone virus. 293T cells were trans-
fected with pcDNA3.1-HA using Lipofectamine 3000
(Invitrogen, Carlsbad, CA), in accordance with the
manufacturer’s instructions, and simultaneously infec-
ted with G*ΔG-VSV. At 4 h post-transfection, the cells
were given fresh medium containing 1% fetal bovine
serum and 7 MU/ml of Clostridium neuraminidase
www.thelancet.com Vol 86 December, 2022
(Aladdin, Shanghai, China) to induce the release of HA-
pseudotyped viruses from the surface of the producer
cells. The supernatant containing the pseudotyped vi-
ruses was harvested 24 h and 48 h later. Pseudotyped
viruses were filtered out with 0.45-μm mixed cellulose
ester membrane filters (Millipore, Boston, MA). For HA
cleavage, pseudotyped viruses were activated by adding
40 μg/ml TPCK-trypsin (Sigma–Aldrich, Saint Louis,
MO). After being incubated at 37 ◦C in a humidified
atmosphere with 5% CO2 for 30 minutes, they were
aliquoted and stored at −80 ◦C for further use.

Titration of A/H3N2 pseudotyped viruses
The pseudotyped virus titers were evaluated by trans-
ducing Huh-7 cells with three-fold serial dilutions of
pseudotyped viruses. The 96-well titration plate was
incubated at 37 ◦C with 5% CO2; after 1 h, 2 × 104

Huh-7 cells were added to each well. After a 24 h in-
cubation at 37 ◦C with 5% CO2, chemiluminescence
signals were detected using the Britelite plus reporter
gene assay system (PerkinElmer, Waltham, MA), and
the 50% tissue culture infectious dose (TCID50) was
calculated as described previously.15
Neutralization assay
Immunized sera were diluted to an appropriate initial
concentration, which was then used in a three-fold serial
dilution. The resulting dilutions were mixed with
pseudotyped viruses and incubated at 37 ◦C for 1 h. The
mixtures were then added to a 96-well cell culture plate
containing 2 × 104 Huh-7 cells in 100 μl/well. The cells
were incubated at 37 ◦C in a humidified atmosphere
containing 5% CO2 for 24 h, after which the chem-
iluminescence signals were detected as described above.
The virus neutralization titer was calculated using
the Reed-Muench method with PerkinElmer Ensight
software.

Immunized sera production
Forty-four female Hartley guinea pigs, weighing
200–220g, were obtained from National Institutes for
Food and Drug Control (NIFDC, Beijing, China) and
randomly divided into eleven group (four animals/
group). The sample size was designed with traditional
way and agreed with ethical committee. Their feeding
environment, immunization methods and immunization
doses are the same. Nine groups of guinea pigs were
inoculated with one of the following plasmids: pcDNA3.1-
A/Cambodia/e0826360/2020 HA, pcDNA3.1-A/Hong
Kong/2671/2019 HA, pcDNA3.1-A/Kansas/14/2017 HA,
pcDNA3.1-A/Singapore/INFIMH-16-0019/2016 HA,
pcDNA3.1-A/Hong Kong/4801/2014 HA, pcDNA3.1-A/
Switzerland/9715293/2013 HA, pcDNA3.1-A/Texas/50/
2012 HA, pcDNA3.1-A/Victoria/361/2011 HA,
pcDNA3.1-A/Perth/16/2009 HA. Guinea pigs were elec-
troporated with 200 μg plasmid at day 0, day 14, day 28.
3
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Immunization was repeated twice at two-week intervals,
and serum samples were obtained two weeks after the
third immunization.

Two groups were immunized with 1/5 human dose
of the influenza vaccine monovalent stock solution
recommended for the 2020–2021 or 2021–2022 season
(3 μg of HA protein/dose), respectively. Immunization
was repeated twice at two-week intervals, and serum
samples obtained two weeks after the first, second, and
third immunizations were stored at −80 ◦C and thawed
and heat-inactivated at 56 ◦C for 0.5 h before use.

The Animal Care and Use Committee at the NIFDC
approved the study protocol. The animals were kept in
plastic cages (two animals per cage) and maintained in
an environmentally controlled room (temperature
25 ◦C, relative humidity 60%) with free access to fresh
solid pellet diet and water. The animal could be placed
quietly for five minutes before continuing the experi-
ment when it was restless due to pain. At the end of the
experiment, sacrificed by carbon dioxide inhalation.
Processing of serum neutralization data
GraphPad Prism 8.0 was used to analyze the neutrali-
zation activity of the immunized sera against the
representative strains. When a dimensionality reduction
analysis was performed on the serum neutralization
data of the strains, we used the hierarchical clustering
method to cluster the strains. Heatmap Illustrator
(HemI) software was used to display the clustering
results.
Statistical analysis
For the vaccine-elicited sera neutralization assay, statis-
tical significance was determined using SPSS 20.0. The
data distribution was firstly analyzed by using Shapiro–
Wilk test. If they do not conform to a normal distribu-
tion, Kruskal–Wallis test should be applied to analyze
nonparametric multiple group comparisons. P-values
<0.05 were considered to indicate significant differ-
ences. *, P < 0.05, **, P < 0.01, ***, P < 0.005, ****,
P < 0.0001.
Role of the funding source
The funder had no role in study design, data collection,
data analysis, data interpretation, or writing of the
report.
Results
Construction of an A/H3N2 pseudotyped virus
library
All “host-human” HA amino acid sequences (65,791
sequences) of A/H3N2 from 2011 to 2020 were
retrieved from the Global Initiative on Sharing All
Influenza Data (GISAID) EpiFlu™ database, and an
HA1 domain-based phylogenetic tree was created based
on those sequences. To select representative sequences
from the constructed phylogenetic tree, we set a threshold
of 0.05, which can separate the A/H3N2 vaccine strains of
2011–2020. Using this threshold, the retrieved sequences
formed 91 clusters. One sequence was selected from each
cluster, yielding 91 representative IFV strain sequences
(Fig. 1A and B). The selected sequences were evenly
distributed throughout the phylogenetic tree (Fig. 1C, a
clear original image can be found in Supplementary
Fig. S1.), suggesting that the sequences selected by this
algorithm are representative. Higher diversity levels are
indicated by higher numbers of clusters rather than
higher numbers of deposited sequences. The results
indicate that the sequences from 2017 to 2019 are rela-
tively conserved whereas those deposited from 2013 to
2015 are more diverse (Fig. 1A and B).

VSV-based pseudotyped viruses were successfully
constructed from 84 of the 91 representative strains. For
the seven representative strains, we tried repeatedly,
including changing plasmid transfection doses and
optimizing packaging conditions, but failed to construct
these strains, and as they all appeared only once in the
library of 65,791 sequences, we did not consider them to
be important. We also constructed pseudotyped viruses
for all nine A/H3N2 vaccine strains recommended by
WHO from 2011 to 2021 (Table 1). Thus, a pseudotyped
virus library containing 84 representative strains and 9
A/H3N2 vaccine strains was obtained (Table 2).
Antigenic analysis of representative strains
To investigate the level of protection provided by the
WHO-recommended A/H3N2 vaccine strains against
the representative circulating strains, the neutralization
levels of sera from animals immunized with DNA from
each of the nine A/H3N2 vaccine strains against the 93
pseudotyped IFVs were assessed. Although all immu-
nized sera were able to neutralize most of the tested
strains, immunized sera generated with different A/
H3N2 vaccine strains exhibited different neutralization
trends, by which they can be divided into three cate-
gories (Fig. 2A). The sera in category one from animals
immunized with PE/09, VI/11, TE/12, or SING/16 had
variable neutralization levels against the representative
IFV strains, with EC50 ranging from 102–105. The sera
in category two from KA/17 or SZ/13 immunization
and the sera in category three from HK/14, HK/19, or
CA/20 immunization had concentrated neutralization
levels, showing that the neutralization levels of category
two for most IFV strains were close to the mean level
(Fig. 2A). Notably, the sera in category three were the
least protective, with most IFV strains having an EC50 in
the range of 102–103.

To analyze the antigenic evolution of A/H3N2 in the
last decade, we used a hierarchical clustering method to
cluster the 84 representative strains according to their
www.thelancet.com Vol 86 December, 2022
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Fig. 1: Selection of representative IFV strains A): Total sequence statistics for each year from 2011 to 2020, and sequence statistics after
deduplication. B): The number of phylogenetic tree clusters by year from 2011 to 2020, i.e., the number of selected representative IFV strains
(because some strains were prevalent for many years, they were counted every year in which they appeared). C): The phylogenetic tree
constructed after deduplication of all IFV sequences in ten years; the selected sequences are marked in red. In order to make the picture clearer,
we have enlarged the part as shown on the right.
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neutralization value EC50. This approach produced five
antigenic clusters, which we named AgV1–AgV5
(Fig. 2B), that contained 24, 10, 6, 23, and 21 strains,
respectively (Table 3). Among the 84 representative IFV
strains, 50 strains were “high frequency”, i.e., each
strain represented >10 circulating strains, while 34
strains had low frequency, i.e., each represented ≤10
circulating strains. The 50 high frequency strains were
mainly distributed in AgV1 and AgV4, while the 34 low
frequency strains accounted for the largest proportion of
AgV5. The proportion of high frequency strains was
higher than the proportion of low frequency strains for
all antigenic clusters, except AgV5.

We further analyzed the neutralization level in
immunized sera generated from each A/H3N2 vaccine
www.thelancet.com Vol 86 December, 2022
strain against the five antigenic clusters. After the
Shapiro–Wilk test, it was judged that the data of this
study did not conform to the normal distribution.
Therefore, differences in the immune responses against
the strains in the five antigenic clusters were analyzed
by using Kruskal–Wallis test. Eight of the nine vaccine
strains that induced sera showed statistically significant
differences in the levels of neutralization against the five
antigenic clusters (HK/19, p < 0.005; others, p < 0.0001,
Fig. 2C). Significant differences were not observed with
CA/20-immunized sera because the neutralization level
of this sera against most strains was poor. For multiple
testing between different antigenic clusters, see
Supplementary Table S1 for details. Most of the
immunized sera had their best neutralizing activity
5
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vaccine strains seasons
A/Perth/16/2009(PE/09) 2011-2012

A/Victoria/361/2011 VI/11) 2012-2013 2013-2014

A/Texas/50/2012(TX/12) 2014-2015

A/Switzerland/9715293/2013(SZ/13) 2015-2016

 A/Hong Kong/4801/2014(HK/14) 2016-2017 2017-2018

A/Singapore/INFIMH160019/2016(SING/16) 2018-2019

 A/Kansas/14/2017(KA/17) 2019-2020

A/Hong Kong/2671/2019(HK/19) 2020-2021

A/Cambodia/e0826360/2020(CA/20) 2021-2022

Table 1: The nine A/H3N2 vaccine strains recommended by WHO from 2011 to 2021.
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The number of replicates refers to the number of occurrences of identical sequences in the HA1 domain among a total of 65,791 sequences. The isolate ID and protein
accession ID represent one of the replicates. The last nine are the vaccine strains and their abbreviations are shown in the notes.

Table 2: Details of the 93 IFV strains in our library.

Articles
against AgV4 and worst neutralizing activity against
AgV5. The neutralization pattern of the four immunized
sera PE/09, VI/11, TE/12, and SING/16 was similar
against different antigenic clusters, i.e., their best
neutralizing effect was against the strains from AgV4,
followed by AgV3, then AgV2, AgV1, and finally AgV5.
KA/17, HK/14, and SZ/13 immunized sera had nearly
the same neutralization levels against IFV strains from
AgV2 and AgV4, then progressively less against strains
www.thelancet.com Vol 86 December, 2022
from AgV1, AgV3, and AgV5. CA/20 and HK/19
immunized sera had little difference in their neutraliza-
tion levels against members of the five antigenic clusters.
Correlation between the genetic relatedness and
antigenicity of A/H3N2 strains
To investigate whether there is a correlation between the
genetic relatedness and antigenicity of the 84
7
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Fig. 2: Antigenicity analysis of representative IFV strains A): Neutralization by nine immunized sera against all IFV strains. Purple indicates the
log (EC50) values of different IFV strains. The black line represents the median value with interquartile range. The results shown are based on 3–5
assay repetitions. B) Antigenic cluster of A/H3N2 viruses in our library. Using Heatmap Illustrator (HemI) we established a heatmap, based on
the log2 (EC50) value and then used the hierarchical clustering method to divide these strains. The top shows the clustering tree, and the
bottom shows the antigenic cluster information. C): Neutralization of nine immunized sera against IFV strains in different antigenic clusters.
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Table 3: Statistics on the number of high frequency strains and low frequency strains in different antigenic clusters.
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representative strains, we constructed a phylogenetic
tree with them using the maximum likelihood method
(Fig. 3). These strains belonged mainly to the following
clades: 3C, 3C.3, 3C.2a, 3C.3a, 3C.2a1, 3C.2a2, and
3C.2a3. We found that all the strains in AgV4 distrib-
uted in clades 3C.3. For AgV3, three strains belonged to
clade 3C.3, while the rest were distributed in clades
3C.2a1, 3C.2a, and 3C. The AgV1 strains were distrib-
uted in multiple clades: 11 strains belonged to clade
3C.2a, 7 strains belonged to clade 3C.2a1, two strains
each belonged to clades 3C.2a2 and 3C.2a3, and some
belonged to clade 3C. For AgV2, most of the strains
belonged to clade 3C.2a1, and the remaining three
strains belonged to clades 3C.2a and 3C.3a. Unlike the
other antigenic clusters, AgV5 contained seven strains
that belong to an unknown clade; because their amino
acid sequences are quite different from those of other
sequences, their gene clade is unknown. Further study
on these strains is needed. Fortunately, although none
of the immunized sera were able to neutralize these
strains, they all appeared only once or twice. The
remaining IFV strains in AgV5 belonged to clades
3C.2a1, 3C.2a, and 3C. We found that although the ge-
netic clades were related with the antigenic clusters,
they are not identical.
Year distribution of different antigenic clusters
To understand the evolution of antigenic clusters, we
further analyzed the distribution of antigenic clusters by
year. AgV4 strains were prevalent mainly from 2011 to
2014. AgV1 and AgV2 strains were prevalent mostly
from 2015 to 2018, but some also appeared in 2019 and
2020. Strains from the remaining two antigenic clusters,
AgV3 and AgV5, appeared every year (Fig. 4A). The
AgV5 strains, if the 13 low frequency strains are not
considered, were observed mainly in 2017–2020. How-
ever, the strains circulating in 2015–2020 were basically
distributed in each antigenic cluster, indicating that they
had antigenic diversity.
The y-axis indicates the EC50 values of different IFV strains and represent
cluster strains was compared by the rank sum test; p < 0.05 was considere
***, p < 0.005; ****, p < 0.0001.
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To compare the protective effect of the immunized
sera against representative IFV strains of each year, we
analyzed their neutralization levels. PE/09, VI/11,
TE/12, and SING/16 immunized sera all exhibited good
neutralization levels for the representative strains from
2011 to 2013 but poor neutralization levels for repre-
sentative strains from other years (Fig. 4B). PE/09,
VI/11, and TE/12 were recommended for use in the
2011–2012, 2012–2014 and 2014–2015 northern hemi-
sphere influenza seasons, respectively. The neutraliza-
tion levels of immunized sera generated from these
three A/H3N2 strains against representative strains
from 2011 to 2013 were basically the same as the levels
against their immunization strains, but their neutrali-
zation levels to representative IFV strains from other
years were almost 100 times worse. Immunized sera
generated from SING/16, recommended for use in
2018–2019, was not the best for neutralizing the IFV
strains that circulated in 2018, but it successfully
neutralized the IFV strains that circulated in 2011–2013
(Fig. 4B). Notably, immunized sera generated from the
remaining five vaccine strains, SZ/13, HK/14, KA/17,
HK/19, and CA/20, which were recommended for use
in 2015–2016, 2016–2018, 2019–2020, 2020–2021, and
2021–2022, respectively, had poor neutralization and no
significant differences in their neutralization levels
against the representative IFV strains from different
years. Almost all the immunized sera had a gradual
decrease in their neutralization levels for the represen-
tative IFV strains from 2011 to 2020.
Neutralizing antibody induced by three A/H3N2
vaccine doses broadly neutralized various IFV
strains
Because the immunized sera generated from vaccina-
tion with DNA from HK/19 or CA/20 had relatively low
levels of neutralization against all tested circulating
strains, but had relatively broad neutralization compared
to other vaccine strains, we immunized guinea pigs with
s the median with the interquartile range. Neutralization of different
d statistically significant. ns, not significant, *, p < 0.05; **, p < 0.01;
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Fig. 3: The correlation between A/H3N2 genetics and antigenicity. A phylogenetic tree of the IFV strains was constructed from the HA1
domain sequences. Both the gene clade and antigenic cluster are marked on the tree.
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one, two, or three doses of monovalent stock of HK/19
or CA/20 vaccine strains. Compared with the first-
injection dose, the neutralization titer of HK/19 and
CA/20 for its own strain was increased by almost 100
times with the third-injection dose. The neutralization
mean titer of HK/19 against all representative strains
was increased by nearly 5 times and 20 times with the
two and third dose, respectively, and for CA/20, 4 times
and 8 times respectively. The sera after three doses were
able to broadly neutralize all representative strains with
high titers (Fig. 5A and B).

To verify whether the two vaccine strains could
induce broad-spectrum neutralizing antibodies against
all strains, we analyzed the neutralization levels of
these immunized sera for different years and different
antigenic cluster strains. The results showed that the
neutralization levels of all the sera against strains
in different years were not significantly different
(Fig. 5C). However, the neutralization levels of all the
immunized sera against different antigenic clusters
were statistically different (HK/19-two and three doses,
p < 0.005; others, p < 0.0001, Fig. 5D). Further analysis
indicated that AgV5 caused this difference. There was
no difference in the neutralization of three-dose
immunization against AgV1–AgV4 (Fig. 5D). For
AgV5, consistent with the DNA-immunized sera, the
neutralization level was still the lowest. The level of
neutralization of AgV5 was also enhanced by three
doses of immunization.
Discussion
IFVs remain one of the most pressing global public
health concerns owing to their widespread distribution,
rapid evolution, and recombination potential.16 At pre-
sent, the most effective measure against IFV infection is
vaccination. The effectiveness of vaccines is dependent
on close antigen matching between the circulating
strains and vaccine strains.17

This study analyzed the antigenic differences of
representative A/H3N2 strains and the protective effect
of recommended influenza vaccine strains from the past
ten years. We found that the neutralization levels of
immunized sera against representative strains vary.
According to the neutralization titer results, the nine
influenza vaccine strains were divided into three cate-
gories: 1) PE/09, VI/11, TE/12 and SING/16; 2) SZ/13
and KA/17; and 3) HK/14, HK/19, and CA/20. Different
www.thelancet.com Vol 86 December, 2022
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Fig. 4: Year distribution of IFV members of different antigenic clusters. A) Distribution of different antigenic clusters in different years.
Because most IFV strains were circulating in multiple years, we calculated the time period rather than determining the year specifically. We
counted the values of 0–10 as 10, 10–100 as 100, 100–500 as 500, 500–1000 as 1000, and 1000–4000 as 4,000, and calculated the frequency of
these sequences among the 65,791 sequences in our library. B): Neutralization levels of nine immunized sera against circulating IFV strains in
different years. Most IFV strains were circulating in multiple years; these strains were counted every year. For convenience of comparison, the
EC50 of each immunized sera against its own vaccine strain are listed on the right side in red. The black line represents the median value with
interquartile range.
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Fig. 5: Neutralization of monovalent vaccine stock-immunized sera against different IFV strains. A) Neutralization of two monovalent
vaccine stock-immunized sera against all the IFV strains. The red circle indicates the titer of monovalent vaccine stock-immunized sera against
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categories had different neutralizing tendencies for
representative strains. Representative strains from the
past ten years were divided into five antigenic clusters.
Among these antigenic clusters, AgV4 members were
relatively sensitive to PE/09, VI/11, and TE/12 immu-
nized sera, while AgV5 members were basically insen-
sitive to all immunized sera. The prevalence of antigenic
clusters in different years was also variable. The strains
in AgV4 were prevalent in 2011–2014, those in AgV1 or
AgV2 were prevalent mainly in 2015–2018, those in
AgV3 were found partly in 2011–2014 and partly in
2015–2018, and those in AgV5 were prevalent mainly
in 2017–2020.

The neutralizing effects of different A/H3N2 vaccines
on the circulating IFV strains in the past ten years also
differed. PE/09 vaccine strain was recommended for the
2011–2012, VI/11 for the 2012–2013 and 2013–2014, and
TE/12 for the 2014–2015.18 These three A/H3N2 vaccine
strains were a better match with the circulating strains in
the recommended years, although the genes were
constantly evolving with minor antigenic changes. In
contrast, the effect of immunized sera generated from the
recommended vaccine strains from later years was not
satisfactory, with no difference between their protection
against the strains circulating in their recommendation
year and those circulating in other years. The genetic di-
versity of the circulating strains from 2017 to 2020 is
relatively minor, but the protection against these strains
provided by the immunized sera was poor. In particular,
theneutralization levels ofHK/19 andCA/20 immunized
sera were low and indistinguishable for each antigenic
cluster. From these results, the IFV strains appeared to
fall into two categories: pre-2015 and post-2015. For the
IFV strains circulating before 2015, their antigenicity was
similar to that of the corresponding vaccine strains, i.e.,
they can be well neutralized by immunized sera gener-
ated from the vaccine strain recommended for these
years, and they can also cross-protect against each other.
However, for the IFV strains circulating after 2015, their
antigenicity may be quite different from that of the vac-
cine strains, and immunized sera generated from the
recommended influenza vaccine strains cannot provide a
high level of protection.

Annual influenza vaccines do not provide protection
against antigenically drifted variants or durable protec-
tion extending beyond the next influenza season.19 Thus,
the highest priority is to develop a universal influenza
vaccine that would provide long-lasting protection
against multiple strains of the virus, including strains
with the potential to cause a pandemic. Several recent
its own vaccine strain. The results shown are based on 3–5 assay repetition
IFV strains. Owing to the high number of IFV strains, we divided these 9
stock-immunized sera against representative IFV strains circulating in diffe
sera against IFV strains in different antigenic clusters. The black line repres
p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.0001.
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studies have focused on conserved epitopes, HA stem
region, NA and matrix protein 2 (M2)19–22 for the
development of universal vaccine. Here, we found that
the induction of high titer of neutralizing antibody can
also provide broad protection with increasing doses of
influenza vaccine. Although our study did not provide
protection against other subtypes of IFV, our results
show that the three-dose immunization can protect
strains that belong to different clades have emerged over
the past decade at a relatively high level. Whether higher
doses or adjuvanted vaccines can induce stronger and
broader immunogenicity needs to be investigated. This
gives a new direction of immunization without having
to change vaccine strains every year.

The main advantage of our study was that a large
number of circulating strains were analyzed for HA
protein antigenicity, but there are also certain limita-
tions with the study. First, the commonly used experi-
mental animal to study the immunogenicity of the
influenza virus is the ferret. However, ferrets were
difficult to obtain in our laboratory. Because a large
number of sera samples were required for testing 93
pseudotyped viruses, guinea pigs were selected for im-
munization to obtain sera in this study. Guinea pigs are
also one of the susceptible animals used to study the
transmissibility of influenza virus.23–25 Second, from the
current research results, we concluded that three-dose
immunization resulted in relatively broad-spectrum
neutralizing antibodies in guinea pigs. However, the
results were not linked with human immunized sera,
which need to be investigated in clinical trials.

For animal research, the design of sample size is
more important but complex. Charan et al.26 provided
rational methods, especially “resource equation”
method, to design the sample size. According to this
method, the sample size in this study was suitable.

In summary, the method successfully established
here provides a new auxiliary tool for monitoring the
degree of matching between influenza vaccine strains
and circulating strains. This work also further monitors
the antigenic changes of HA protein, thus providing
reference for the recommendation and screening of
future influenza vaccine strains.
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