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Influenza poses a significant threat to the global economy and health. Inactivated virus vaccines

were introduced in China for prevention in 2018. In this study, three pairs of hemagglutinin (HA)

and neuraminidase (NA) gene sequences were obtained from three Swine influenza virus (IAV-S)
inactivated vaccine strains that were marketed in China in 2018. Phylogenetic analysis was carried

out with HA and NA gene sequences to investigate the relationship between vaccine use and virus
genetic drift. The findings showed that the evolutionary rate of HA remained relatively stable from
2012 to 2017, with an average genetic distance of approximately 0.020731195. However, following the
introduction of the swine influenza vaccine, there was a notable acceleration in the evolutionary rate of
HA, accompanied by a significant increase in the genetic distance. In 2018, the value was 0.111750269,
while in 2019 it was 0.176389393. In contrast, the evolution of NA was relatively smooth, with an
average genetic distance of approximately 0.030386708. Finally, we demonstrated that commercial
vaccines are weak neutralizers of wild strains through immunization experiments in animals. Thus, we
have reason to believe that mutations in the virus favor virus evasion of vaccine immunity. Our findings
suggest that vaccine use may significantly impact the evolution of the influenza virus by potentially
stimulating mutations. The selection pressure of vaccine antibodies played a role in regulating the
variation of IAV-S-H1N1.
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In accordance with the World Health Organization (WHO), a zoonosis is defined as any disease or infection
that can be transmitted naturally from vertebrates to humans or from humans to animals. These diseases have a
serious impact on the lives and health of people. Examples include the 2009 “swine influenza” HIN1 outbreak,
the 2013-2016 Ebola outbreak in West Africa and the 2019-2023 COVID-19 outbreak!~>. Swine influenza is an
acute respiratory disease caused by the swine influenza virus (IAV-S). Pigs are widely considered " mixing vessels”
for influenza viruses because of the presence of human and bird-like sialic acid receptors on pig cells that play
an important role in the generating new viruses and facilitating their spread between different communities®°.
Multiple lineages of IAV-S, such as HIN1, HIN2, H3N2, are transmitted among pig populations®’. Swine flu can
affect pigs year-round, particularly in spring and autumn, and it can infect pigs of all ages.

The IAV-S was first isolated and identified by Shope in 1931, which was the classical HIN1 strain that caused
the epidemic of swine flu in the United States in the early 20th century?®. In 2009, a new pandemic strain, pdm09,
which began in Mexico and was first reported by the United States, was a strain of HIN1 from pigs that spread
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rapidly through human-to-human contact to more than 30 countries’. IAV-S is endemic in many countries in
North and South America, Europe, Asia and Africa. Classical swine influenza viruses caused high mortality
in pigs in coastal cities of China. Two strains of H3N8 influenza viruses derived from European equine H3N8
influenza viruses of the early 1990s were isolated from pigs in central China in the period of 2005-2006. Infected
pigs showed marked signs of respiratory disease, including depression and coughing. Pigs can be infected
with different subtypes of swine influenza viruses, and new IAV-S may appear at any time through genetic
recombination or mutation. People can be threatened with death from influenza viruses, and pigs can also be
infected with avian and human influenza viruses'?. The epidemic has had a profound impact on the global
health. The IAV-S has a major impact on the pig industry and human public health.

TAV-S consists of eight genomic fragments of negative single-stranded RNA, each of which encodes at least
one protein!!. The polymerase complex, formed by two alkaline polymerases (PB1 and PB2) and one acidic
polymerase (PA), surface glycoproteins (hemagglutinin (HA), neuraminidase (NA), and matrix (M)), nuclear
proteins (NP), and nonstructural proteins (NS), are encoded by RNA fragments with the same name!2. HA and
NA are the two key surface glycoproteins of influenza. Previous studies have shown that multiple amino acid
substitutions alter the stability of HA'?, thus affecting the evolution of the virus. It is possible for influenza viruses
to evade immunity through recombination-induced antigenic transfer, although this is a rare occurrence. When
it does occur, it can result in devastating pandemic outbreaks!*. The HA protein not only mediates virus-host
membrane fusion, which is critical for virus entry, but he also acts as an antigenic glycoprotein on the surface of
influenza viruses that can bind to antibodies!>. The NA protein is a receptor-destroying enzyme that functions
as a sialidase to promote the release of offspring viral particles by catalyzing the cleavage of terminal sialic
acid residues in cells and viral proteins'®. Previous studies have demonstrated that HA and NA are interacting
functional antagonists that optimize the balance between HA binding affinity and NA enzyme activity to
promote viral fitness, host specificity, transmissibility, infectivity, and virulence!”"!%. Therefore, according to the
quasispecies theory, the evolution of IAV-S has a strong effect on adaptation, host range, virulence, and the
appearance of new varieties, mainly due to point mutations and genomic remapping!®. Although recombination
is an important mechanism in the evolution of a virus, it is rare in IAV-S evasion of immunity®’. We therefore
focused on immune escape caused by amino acid mutations in the virus.

Vaccination with IAV-S is currently the main strategy for the prevention and control of this disease?!"?2. To
mitigate the impact of viral infections on pig populations, China has approved the marketing of three commercial
inactivated vaccines of the HIN1 subtype IAV-S since 2018. While vaccination can prevent epidemics and virus
transmission, it may also influence the evolution of the virus. Previous studies have demonstrated that a variety
of subtypes of IAV-S, including SIV HIN1, SIV HIN2, and EA SIV; are evolving in response to vaccine pressure,
with the potential to evade the immune system?*-%%. The effect of swine influenza vaccines on virus evolution
has not yet been studied in China. Therefore, it is of significance to systematically study the relationship between
vaccine use and genomic diversity of the IAV-S.

In this study, the sequences collected from three IAV-S vaccines were combined with the HA and NA
sequences of wild-type IAV-S subtype HIN1 published from 1990 to 2020 in China. The impact of vaccine usage
on virus evolution was analyzed by constructing an evolutionary tree and calculating the annual genetic distance
of IAV-S gene evolution.

Results

The description analysis of HA genetic sequence of HIN1 subtype IAV-Ss in China During
1990-2020

According to the statistical data on the geographical distribution of the gene sequences we obtained from our
database in the provinces of China show that the gene sequences mainly come from the east of China, and
almost none in the west. (Fig. 1A) Among these, Guangdong contributed the highest number of gene sequences,
followed by Hong Kong, Guangxi, Liaoning and Shandong. (Fig. 1B) Together, they constitute 69% of the
total genetic sequences of IAV-S. Notably, these provinces are significant agricultural regions in China, and
the number of IAV-S isolates is directly proportional to this. Hong Kong reported the first sequence of HIN1
influenza virus in China in 2001%’, and subsequent reports have increased. Therefore, it is crucial to pay close
attention to the circulating IAV-S and timely prevention in these areas.

The phylogenetic analysis of HA and NA genetic sequences of HIN1 subtype IAV-S in China
We conducted phylogenetic analyses and constructed an evolutionary tree based on the collected HA and NA
gene sequences of HIN1 IAV-S, along with isolated strains from 2012 onwards. The influenza viruses were
classified according to the classical strains of the different branches: classical HIN1 (CS HIN1), Eurasian avian-
like HIN1 (EA HIN1), triple reassortant HIN2 (TR H1N2), and 2009 pandemic HIN1 (2009/H1N1), In the
phylogenetic tree, branch length represents the base substitution rate, which is used to measure the genomic
distance between the ancestor and descendant viruses. According to the results (Fig. 2), following the release
of the inactivated swine influenza HIN1 vaccine in 2018, the gene sequence of the HA protein of the strain
isolated after 2018 diverged from that of the pre-2018 strain, forming a separate branch. This indicates that the
HA gene of the post-2018 strain is significantly different from that of the pre-2018 strain. However, there were
no significant differences in the evolutionary tree of NA. In conclusion, the high evolutionary rate of HA can be
attributed to the intense evolutionary pressure it is subjected to.

Genetic distance of HA and NA around 2018

To assess the evolutionary rate of IAV-S in relation to vaccine use, we constructed an annual dataset based on
the collection time and calculated the distance matrix between the series in the dataset. The data set comprises
a series of points, each representing a genetic difference between the two strains in a given year. In 2018, the
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Fig. 1. Geographic distribution of swine influenza virus (IAV-S) subtypes HIN1. (A) Geographic map
showing the number of gene sequences we have collected for the strains isolated from HINI in each province
of China. (B) The proportion of HIN1 subtypes IAV-S in different provinces of China. Clockwise according to
the number of HIN1 subtype IAV-S. Provinces with less than 4% of flu viruses are not shown in the chart.
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Fig. 2. Phylogenetic analyses of HA and NA genes of HIN1 swine influenza virus. (A) Phylogenetic tree of
HINI1 HA gene. (B) Phylogenetic tree of the HIN1 NA gene. With reference to previous studies, the strains
were classified into four main categories: TR HIN2 (purple), 2009 HIN1 (deep green), CS HIN1 (orange) and
EA HINI1 (deep red). Based on the year of isolation of the strains, the strains were classified into three main
categories, using the highlight marker: before the introduction of commercial vaccines (green for 2012-2014
and blue for 2015-2017) and after the introduction of commercial vaccines (yellow after 2018). Strains used in
animal testing are shown in red and in an expanded graph.
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first batch of commercial inactivated vaccines against HIN1 subtype of IAV-S in China entered the market.
We selected the HA and NA fragments of HIN1 subtype of IAV-S from 2009 to 2020 for analysis. The results
demonstrated that the genetic distance of the HA gene was relatively substantial over the three-year period
between 2009 and 2011 (with an average genetic distance observed in 2009-2010). The values were 0.111455838,
0.180529255, and 0.208795326, respectively (Supplementary Material 2), which was likely due to the influenza
virus pandemic in 2009. The period from 2012 to 2017 was relatively smooth, and the evolutionary distance
was relatively stable without large changes (Fig. 3A). After the swine influenza vaccine was launched in 2018,
the evolutionary speed of IAV-S HA accelerated significantly, and the gene-protein genetic distance increased
significantly (average genetic distance: 0.078178556). This increase was even more gradual from 2019 to 2020,
reaching 0.111750269 and 0.176389393 (Supplementary Material 1). NA was relatively stable, and the annual
genetic distance between gene sequences was basically 0 to 0.10000000(Fig. 3B), and there were also no notable
changes in 2018. This result also confirmed that the vaccine pressure had certain influence on the evolution of
the virus.

HA gene mutations from 2010 to 2020

The nucleotide sequences were translated into the corresponding amino acid sequences and the collected post-
2018 viral gene sequences were subjected to multiple sequence comparisons to go exploring the key sites of
HA protein gene mutations. Our findings revealed that post-2018 influenza virus sequences exhibited a higher
prevalence of amino acid mutations in the head region (aa63-aa268) of HA, including 64 K/V, 68 H/Q, 71 K/N,
and 83 K/E, compared to the neck region, which demonstrated a relatively conservative pattern of mutation
(Fig. 4A). By means of sequence comparison of the strains that emerged subsequent to 2018 with each of the
three commerical vaccine strains (T] strain, LN strain, and HL]J strain), it was possible to identify multiple
sites exhibiting the same mutation profile. These included T65I, E83K, V137A, V158A, A214T, G239E, and
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Fig. 3. The genetic distance between HA sequence and NA sequence of HIN1 subtype swine influenza virus
(TAV-S). Each representing a genetic difference between the two strains in a given year. (A) Distribution of
genetic distance between HA sequences collected annually (excluding vaccine sequences). (B) Distribution of
genetic distance (excluding vaccine sequences) between NA sequences collected annually.
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Fig. 4. Amino acid mutation map of HA protein. (A)The amino acid sequence mutation labeling diagram
of HA protein of HIN1 swine influenza virus. The size of the letter indicates the degree of conservation of
the amino acid. A lar letter indicates that that amino acid at this site is more conservative. (B) 3D structural
diagram of HA protein. Mutation sites are labelled using red.

M331L (Supplementary Material 3). The majority of these mutation sites are situated within the head region of
the viral HA protein (Fig. 4B). The E83K mutation has been demonstrated to facilitate the evasion of vaccine-
induced immunity, whereas the A214T mutation is situated within the antigen-binding region. The alteration
of this site results in the modification of the virus’s original antigenic site*>*°. Briefly, these continuous site
mutations may lead to significant changes in viral proteins that favor viral escape vaccine immunity. Except for
the superposition of point mutations, the main reason for the large genetic differences between sequences may
be insertion mutations. These findings indicated that the use of inactivated vaccine affected the point mutation
of HA sequence and thus the rate of virus evolution.

Correlation analysis of HA and NA

In order to investigate the relationship between HA and NA, a scatter plot and a fitting curve were constructed,
revealing a positive correlation between HA and NA. We performed a statistical analysis and found a significant
correlation between the genetic distance evolution of HA and NA, with a p-value of less than 0.0001. But the
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correlation between the two was weak (R=0.1807) (Fig. 5A). This result was also found by previous studies that
genetic correlation between HA and NA was weak in IAV-S3L.

6. Commercial vaccines have a weak ability to neutralise epidemic strains of swine influenza.

The effect of the vaccine on virus neutralization was determined by a Hemagglutinin inhibition (HI) assay
and microneutralization assay using collected sera. HI experiments using sera from twice-immunized mice and
pigs. The objective is to detect the ability of sera to neutralise IAV-S strains isolated in 2018 (A/swine/henan/
SN13/2018) and 2023 (A/China/shandong/2023), respectively. It revealed that the commercial vaccine had a
relatively weak ability to neutralize the HIN1 virus. The experimental procedure for animal immunisation is
shown in Fig. 5B-C. The A/swine/Henan/SN13/2018 HI titer in the mice experiments were 13.3 (14 days) and
the A/swine/China/Shandong/2023 HI results were 3.3 (14 days). (Fig. 6A) Similar results were found in the
pig experiment. (Fig. 6B) With time migration, the vaccine-produced antibodies were less able to neutralise
the IAV-S (A/swine/Henan/SN13/2018, A/swine/China/Shandong/2023) compared to the 2018 HIN1 strain.
The results of the neutralization assay were similar to those of the HI assay. Sera immunized with commercial
vaccines were protective against A/swine/Henan/SN13/2018 but less so against A/swine/China/Shandong/2023.
(Fig. 6C) Based on these results, it can be surmised that under the pressure of the vaccine, the virus mutated to
evade the vaccine’s action.

Discussion

In this study, we selected three vaccine strains that have been marketed in China since 2018. A comprehensive
phylogenetic analysis was conducted on all published HIN1 subtype IAV-S HA, NA sequences and vaccine
strain sequences from 1990 to 2020 to explore the relationship between vaccine use and viral genetic diversity.
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Fig. 5. NA and HA amino acid correlation and animal experiment flowchart. (A)Amino acid Scatter diagram
of correlation coefficient of rate of genetic evolution of HIN1 IAV-S HA and NA genes. Each point represents
the rate of inheritance of a strain of virus. (B) Experimental protocols for mice experiments. (C) Experimental
protocols for pig experiments.
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Fig. 6. Histogram of hemagglutination inhibition assay and microneutralization assay. (A) Results of mice
serum HI experiments; (B) Results of swine serum HI experiments. (C) Detection of neutralization effect
of swine serum against A/swine/Henan/SN13/2018 and A/swine/China/Shandong/2023. Data in A-c are
presented as mean values + SEM. (***p < 0.001, **p < 0.01, *p < 0.05)

The influenza virus is composed of a single-stranded virus with eight anti-sense genomic RNA segments, and
it will undergo genetic changes. This is why influenza viruses change or mutate over time*2. Among them, HA
is a major surface antigen of virus and also one of the main targets of host immune response. It plays a key role
in the initial stages of infection: receptor binding and viral and cellular membrane fusion®**%. NA is another
major surface glycoprotein and it serves as a key enzyme for influenza virus infection, replication, maturation,
and delivery®>%. This also holds promise for more durable immunity induced by conventional vaccines because
of the slower antigenic drift rate of NA%”. The IAV gene encoding virus surface proteins HA and NA is the main
target constituting neutralizing antibodies and is essential for virus evolution®. Influenza viruses can evolve
through recombination and genetic mutation, which makes the study of the internal gene fragments extremely
challenging®*. The present study focuses on the HA and NA genes of HIN1 subtype IAV-S.

Phylogenetic analysis revealed a significant increase in the evolutionary rate of HA proteins from 2018 to 2020,
with no major changes in NA evolution compared to pre-2018. Influenza virus evolutionary rate plummeted after
2021. This could be due to various factors, including the efficacy of the vaccine, changes in the environment, and
the nature evolution of the virus. Based on the current research data, it has been demonstrated that the increasing
number of approved inactivated vaccine strains has led to an increase in immune pressure on the influenza virus,
which may increase the chances of strain mutation. And studies have also shown similar evolutionary changes
in the HA gene after the Mexican H5N2 low-pathogenicity avian influenza vaccine*!. Vaccine failures due to
antigenic drift of field viruses have occurred in China, Indonesia, Egypt, and Vietnam, and previous studies
have linked the H5N1 vaccine to resistant field strains in China, Egypt, Indonesia, Hong Kong and Vietnam*2.
The conclusions drawn in our study are consistent with these examples. It is therefore reasonable to assume that
viruses are evolving under the pressure of vaccines and thus evading vaccine immunity.

The three vaccines in this study were the first three swine influenza HIN1 vaccines marketed in China, of
which the TJ strain vaccine was widely used. In 2018, the swine influenza vaccine was first marketed in China,
and the rate of evolution of the virus’ HA continued to accelerate after 2018 compared to before. However, after
2021, the evolutionary rate returned to the previous rate. This may be due to the fact that we collected fewer viral
gene sequences in 2021. NA demonstrates a distinctive evolutionary pattern, showing no significant change in
evolutionary distance following the introduction of vaccines. This suggests that the effect of the vaccine on the
virus is more pronounced in the HA gene rather than NA gene. Therefore, we performed multiple sequence
alignment to understand the mutation of HA under vaccine action.

By comparing collected wild-type virus genes with the TJ, LN, and HL]J vaccine virus genes, we found
that there were multiple mutation sites of HA gene in TJ strain and HL]J strain, and the number of mutation
site of HA1 is higher than that of HA2. This was also found by previous studies that the stem domain (HA2)
evolved much more slowly than the head domain (HA1)*3. Other studies have demonstrated that antigenic
drift, resulting from a substantial number of site mutations, can occur. Furthermore, the occurrence of even a
single amino acid substitution in the vicinity of the functional site of the HA head can give rise to a considerable
degree of antigenic drift, without a corresponding significant alteration in the stem region**~4¢. This suggests that
positive selection in the stem domain might not directly related to immune stress. Many mutation sites of HA1
such as S91R, D97N, N146D, S185T, E189G, S200P, $2021 and A273T were detected*”*%, while the mutation at
HAZ2 was relatively rare.

However, compared with the LN strain, there were more unstable mutations, and more surprisingly, there
were more mutation sites in HA2 than in HA1. We also found an increase in viral mutation sites after marketing
of the vaccine, particularly concentrated in the receptor-binding region. There are also a large number of
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mutations at consecutive amino acid sites, potentially facilitating the virus in evading vaccine immunity. The
results of animal immunization test and HI test show that the existing commercial vaccines exhibit a weak
neutralizing ability against wild strains. It is reasonable to believe that mutations at these sites may beneficial
for the virus to evade the immunity induced by vaccine. Furthermore, in addition to point mutations, insertion
mutations have the potential to cause an increase in the genetic distance between viruses and promote viral
evasion of immunity. Hence, there is a need to intensify the utilization of influenza virus vaccines and enhance
monitoring of virus evolution. This approach will contribute to timelier and scientifically informed updates and
usage of vaccine strains.

Previous studies have found that HA and NA have a co-evolutionary trend, that is, leading mutations occur
in NA, followed by mutations in HA, and vice versa, and the mean time between successive mutations at these
sites is also very similar*2. However, the evolutionary correlation between HA and NA was found to be weak in
our study. We considered the evolutionary correlation between HA and NA to be closely related to the host. This
observation aligns with findings from previous studies®! that the co-evolution of HA and NA exhibits a strong
correlation in humans but a weak correlation in avian and swine species.

Conclusions

Based on the results, it can be concluded that the use of IAV-S HIN1 vaccine may accelerate the evolutionary rate
of the virus, leading to the emergence of strains capable of evading the immune response elicited by the vaccine.
However, it is important to acknowledge that the short duration of vaccine marketing and the limited numbers
of isolated strains make it challenging to determine whether there is a cumulative effect of the vaccine on virus
evolution. Therefore, further studies will be conducted as more sequences of IAV-S HIN1 strains become
available. Ongoing monitoring of vaccine use and evolution of the HIN1 subtype swine influenza virus will be
crucial in predicting epidemic strains, updating and using vaccine strains in a more timely and effective manner.
At the same time, the direction and focus of research on zoonotic diseases will be referenced.

Materials and methods

Sequence collection and alignment

The HA and NA genetic sequences of HIN1 subtype IAV-Ss isolated in China from 2009 to 2020 were searched
from the Bacterial and Viral Bioinformatics Resource Center (https://www.bv-brc.org/) and Influenza Data
database (GISAID; https://www.gisaid.org). A total of 567 HA and NA genetic sequences of HIN1 subtype IA
V-Ss were downloaded. The nucleotide sequences were aligned using the MEGA software (version11.0.13) with
muscle method. Then we compiled the geographic data (provinces of China) for all sequences. To minimize the
impact of the 2009 influenza epidemic on the experimental results, gene sequences from 2012 onwards were
selected as representatives for analysis. The study focused on three inactivated swine influenza vaccines available
in 2018: A/swine/Tianjin/01/14 (T] strain, EU004444), A/swine/Liaoning/32/2016(LN strain, HM754648) and
A/swine/Heilongjiang/1130/2015(HLJ strain, KP404260).

Phylogenetic analysis

All available HA and NA genetic sequences of HIN1 subtype IAV-Ss, after being aligned, were analyzed using the
Beast software (version 1.8.4) and were found the best model using jmodeltest 2.1.6 software. Phylogenetic trees
were constructed using maximum likelihood (ML) method with GTR+I+ G model. The bootstrap consensus
tree, inferred from 1000 replicates, is taken to represent the evolutionary history of the taxa analyzed.

Calculation of genetic distance between sequences

The HA and NA genetic sequences were grouped into datasets based on collection year. The aligned genetic
sequences calculated the genetic pairwise distance in each year by the MEGA software (version 11.0.13) using
the Maximum Composite Likelihood model. The genetic data obtained were stored in matrix form. The results
are presented in the form of a scatter plot, with the degree of difference in the genetic distance of each point
expressed as a value representing the viral sequence.

4. Statistics of Amino Acid Types at Specific Sites.

The intercepted nucleotide sequence data sets of different years were converted into amino acid sequences
using SnapGene software (version 6.0.2). We used the online website Weblogo (http://weblogo.berkeley.edu/) to
draw the amino acid identification map. The mutated region of the viral amino acid is then analyzed to reflect
the sequence preference at that location. And the 3D structure map of HA protein was constructed using SWISS-
MODEL (https://swissmodel.expasy.org) to annotate the mutation sites.

Genetic correlation analysis between HA and NA genes

We conducted a correlation analysis of the annual genetic distances between the collected HA and NA genes of
HINI. At first, we calculated the annual genetic distance of the collected genes by using MEGA software (version
11.0.13). As the HA and NA gene sequences from the same year were extracted, pairwise scores under the same
conditions could be obtained. Then we used SPSS software (version 18.0.0) to analyze the correlation between
the genetic distances of HA and NA using Pearson correlation analysis. A p-value less than 0.05 was considered
statistically significant.

Animal experiments

These experiments were conducted at Shandong First Medical University& Shandong Academy of Medical
Sciences and approved by its ethics Committee. Two swine influenza viruses (TJ strain, A/swine/China/
Shandong/2023(PP464144)), which are located in the same branch in the evolutionary tree as the strain of that
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year, were selected for animal immunization experiments to validate the impact of viral site mutations on the
neutralization effect of commercial vaccines.

Before the experiments, we inoculated mice with B-propiolactone-inactivated wild swine influenza virus
(HIN1) (A/swine/China/Shandong/2023 (PP464144)) to demonstrate that inactivated swine influenza viruses
elicit immune responses in mice.The experiments used five 4-week-old female C57/BL6 mice. On day 0,
intramuscular injection of B-propiolactone-inactivated wild swine influenza virus (HIN1) (A/swine/China/
Shandong/2023 (PP464144)) administered, with mice receiving 200uL and pigs receiving 2 ml. On day 7, a
second intramuscular injection of B-propiolactone-inactivated wild swine influenza virus (HIN1) (A/swine/
China/Shandong/2023 (PP464144)) was administered. On days 14, blood was collected from mice and pigs, then
centrifuged at 1000 rpm for 5 min to obtain serum. The results showed that the inactivated virus successfully
induced immunity in mice (Supplementary Material 4). Mice and pigs will be injected with the commercial
vaccine for subsequent experiments.

The animal experiments were conducted using 4-week-old female C57/BL6 mice and 4-weeks-old female
pigs. The mice and pigs were divided into two groups of five animals each. (Fig. 5B-C) The first group received the
commercial vaccine: on day 0, intramuscular injection of inactivated swine influenza HIN1 vaccine (T] strain)
(manufacturer: Wuhan Kegian Biology Co., Ltd) administered, with mice receiving 200uL and pigs receiving
2 ml. On day 7, another intramuscular injection of inactivated swine influenza HIN1 vaccine (T] strain) was
given again, and on days 14, blood was collected from mice and pigs, then centrifuged at 1000 rpm for 5 min to
obtain serum. The second group, the blank control group, followed the same protocol as the commercial vaccine
group but received a saline injection.

Hemagglutination inhibition assay

The hemagglutination inhibition (HI) assay was performed to evaluate HA functional antibodies capable of
inhibiting erythrocyte agglutination. Sera were serially diluted 2-fold in V-bottom microtiter plates. An equal
volume of JAV-S was added to each well and the erythrocytes were washed with PBS to prepare 0.5% chicken
blood erythrocytes, which were stored at 4 °C and used within 24 h of preparation. Mix the plates with agitation
and cover and allow the chicken blood erythrocytes to settle at room temperature for 20 min. The HI titer
is determined from the inverse dilution of the last well of unagglutinated RBCs. Positive and negative serum
controls are provided for each plate. Then, 50uL of 0.5% chicken blood erythrocytes were added and the mixture
was incubated for 20 min at room temperature. The HI titter was calculated from the reciprocal of the highest
dilution that completely inhibited erythrocyte hemagglutination.

Microneutralization assay

Cell-based microneutralization experiments were performed with reference to Tingting Li et al.*. Porcine
serum from the experimental stage of the animal was diluted twofold with a virus mixture of 100 TCID, and
incubated for 1 h at room temperature. The serum-virus mixture was added to a 96-well plate of room MDCK
cells. Adsorption was done for 1 h and then replaced in MEM medium containing trypsin. The HA assay of
the supernatant was determined as evidence of neutralisation and the HA assay was performed according to
previous experimental methods.

Ethics declaration

All experiments were conducted in compliance with national and local regulations. All animal experiments
were conducted at Shandong First Medical University& Shandong Academy of Medical Sciences and approved
by its ethics Committee (project identifier: 2023097). Mice experiments were conducted in our approved SPF
animal facility at Shandong First Medical University& Shandong Academy of Medical Sciences. Pig experiments
were conducted in a normal environment. All animal experiments comply with Chinas Regulations on the
Administration of Laboratory Animals and ARRIVE guidelines.
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