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Abstract: Swine influenza virus (SIV) circulates worldwide, posing substantial economic loss and
disease burden to humans and animals. Vaccination remains the most effective way to prevent SIV
infection and transmission. In this study, we evaluated the protective efficacy of a recombinant,
baculovirus-insect cell system-expressed bivalent nanoparticle SIV vaccine in mice challenged with
drifted swine influenza HIN1 and H3N2 viruses. After a prime-boost immunization, the bivalent
nanoparticle vaccine (BNV) induced high levels of hemagglutination inhibition (HAI) antibodies,
virus-neutralization (VN) antibodies, and antigen-specific IgG antibodies in mice, as well as more
efficient cytokine levels. The MF59 and CPG1 adjuvant could significantly promote both humoral
and cellular immunity of BNV. The MF59 adjuvant showed a balanced Th1/Th2 immune response,
and the CPG1 adjuvant tended to show a Thl-favored response. The BALB/c challenge test showed
that BNV could significantly reduce lung viral loads and feces viral shedding, and showed fewer
lung pathological lesions than those in PBS and inactivated vaccine groups. These results suggest
that this novel bivalent nanoparticle swine influenza vaccine can be used as an efficacious vaccine
candidate to induce robust immunity and provide broad protection against drifted subtypes in mice.
Immune efficacy in pigs needs to be further evaluated.

Keywords: nanoparticle; vaccine; protective immunity; adjuvant; swine influenza virus

1. Introduction

Influenza viruses are prevalent worldwide and can infect humans and various ani-
mals [1,2]. Pigs play a complex and vital role in the interspecies transmission of influenza
viruses [3,4]. The well-known pandemic HIN1 influenza virus (pdm/09), also known as
the ‘swine flu,” was first identified in Mexico in April 2009 [5]. Swine influenza virus (SIV)
poses a potential economic burden to the pig industry and causes serious harm to public
health [6]. Clinically, SIV infection tends to have low mortality, but it often causes progres-
sive wasting, poor growth performance, and may cause severe pneumonia or even death
due to co-infection with other porcine respiratory pathogens or bacterial diseases [7,8].
Vaccination of pigs remains the most effective and economical strategy for preventing SIV
infections and reducing the severity of the infection and its severe complications.

SIV evolved in two major mechanisms: antigenic drift and antigenic shift [9]. Anti-
genic drift frequently occurs due to the accumulation of point mutations of HA and NA
during virus evolution [10,11]. Antigenic shift occurs rarely, usually accompanied by the
generation of a completely new virus by the genetic reassortment of the multiple gene
segments [12]. Eventually, these changes are introduced into the circulating strains and
can lead to epidemics (antigenic drift) and pandemics (antigenic shift) of influenza viruses,
which also cause decreased vaccination effectiveness and periodic antigenic revision for
the SIV vaccine [13].
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Classical swine H1IN1, avian-like HIN1, and humanoid H3N2 strains are widely
prevalent in pigs [14]. Serological epidemiological investigation of swine influenza (SI)
shows that the distribution and evolution of SI in pig herds in China are becoming increas-
ingly complex [15-21].

Hemagglutinin (HA) is one of the main surface glycoproteins of influenza virus and
plays a critical role in the early stages of virus infection. The transmembrane (TM) region of
the HA protein of the H3 subtype influenza virus can form intermolecular disulfide bonds,
which makes HA protein have high stability and cross-immunity between subtypes [22-25].

Currently, most commercial influenza vaccines are manufactured using embryonated
chicken eggs. However, the adaptive mutations of the influenza virus during serial pas-
sages often weaken vaccine effectiveness [26]. Nowadays, MDCK and VERO cell-based
influenza vaccine production have become an important alternative to conventional egg-
based production systems and have received regulatory approval in some countries [27-29].
Baculovirus-based seasonal influenza vaccines have also completed phase III clinical tri-
als [30]. The conventional influenza vaccine cannot protect against antigenic-drifted or
antigenic-shifted strains of SIV, and novel vaccines that induce broadly immune responses
are needed.

Nanoparticle vaccines can exhibit multiple viral antigen components on specific
nanoskeleton surfaces and stimulate strong humoral and cellular immune responses. It
has shown broad application prospects in preventing and treating infectious or serious
diseases such as COVID-19, hepatitis B, influenza, AIDS, and tumors [31-36].

In this report, we developed a recombinant, baculovirus-insect cell system-expressed,
HA TM region-replaced nanoparticle with a skeleton core of PS80 micelle for bivalent
swine influenza vaccine. After a prime-boost immunization, the immunogenicity and
protective efficacies of the bivalent nanoparticle vaccine (BNV) against drifted SIVs in mice
were evaluated.

2. Materials and Methods
2.1. Cloning and Expression of HA Nanoparticles (HANP)

SIV A/swine/Qingdao/2018 (HIN1) and A/swine/Jiangsu/P3589/2016 (H3N2) HA
protein sequences were downloaded from the GISAID Epiflu database with accession
numbers EPI_ISL_370660 and EPI_ISL_256394.

For the recombinant HIN1 strain, the wild-type (WT) HA TM domain was replaced
with the H3-TM domain (Figure 1a). All HA genes were codon-optimized for high-level
expression in Spodoptera frugiperda (5f9) insect cells (Sf-900™, Cat. No. 12659017, Gibco,
Carlsbad, USA) and synthesized biochemically by Genscript (Nanjing, China). HA genes
were cloned into pBacPAK9 baculovirus transfer vectors between BamHI-Kpnl sites down-
stream from a polyhedrin promoter. Furthermore, pBacPAK9 plasmids containing each
HA gene were co-transfected into Sf9 cells with qBac Bacmid containing Autographa Cali-
fornica multinuclear polyhedrosis virus genome (Shaanxi Bacmid Biotechnology Co., Ltd.,
Yangling, China) and SofastTM Transfection reagent (Sunma, Xiamen, China).

2.2. Cell Lines

519 cells (Gibco™ S£-900™ III SEM, Gibco™ 12659017, Cat. No. 15236025, Carlsbad,
CA, USA) and high five cells (BTI-TN-5B1-4, Invitrogen™ B85502, Cat. No. 10747474,
Carlsbad, CA, USA) were purchased by Xi’an Lihe Biotechnology Co., LTD (Xi’an, China)
from Thermo Fisher Scientific (Waltham, MA, USA). Sf9 cells were used to isolate and
propagate recombinant baculoviral stocks, and high five cells were used to express the
recombinant protein. All cells were cultured in IB905 insect serum-free medium (world-
medium, Suzhou, China).
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Figure 1. Recombinant baculovirus production and characteristic analysis. (a) Structural schematics
of SIV HA proteins, where the amino acid sequences of the TM domain are shown. H3-WT denotes
H3 wild-type (WT) HA protein; H1-WT denotes H1 wild-type HA protein; and H1-TM denotes
H1 wild-type HA protein with the replaced H3 TM. Amino acid sequences of H3-WT, H1-WT, and
H1-TM were aligned and designated. (b) Western blots of H1-WT, H1-TM, and H3-WT protein
expression. The molecular weight of HA was approximately 70 kD. (c) Hemagglutination assays of
H1-WT, H1-TM, and H3-WT protein. PBS with 0.5% chicken erythrocytes was included as a negative
control (NC). All experiments were performed 3 times. (d) Viral titers of H1-WT, H1-TM, and H3-WT
recombinant viruses of different generations of viral stocks (**** p < 0.0001).

2.3. Virus Titration

Virus titers were determined using a BacPAK™ Baculovirus Rapid Titer Kit (Clontech)
according to the manual (https://www.takarabio.com/documents/User%20Manual /PT3
153 /PT3153-1_072213.pdf, accessed on 16 April 2022). The foci of infection (clusters of
infected cells) were counted in duplicate wells using an inversion microscope (CKX31SF,
Olympus, Tokyo, Japan). Virus titers (IFU/mL) were calculated by multiplying the average
number of foci per well by the corresponding dilution factors.
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2.4. Hemagglutination Assay

Hemagglutination assays were determined according to the manual for GB/T-27536-
2011 of the state standard of the People’s Republic of China. In brief, 50 uL of PBS was added
to wells of each row of 96-well microtiter plates, 50 puL of the recombinant baculovirus
suspension was then serially diluted from 1-11 columns of the plate, and 50 puL was
discarded from the 11th column. The last row of the plate served as negative controls.
After dilution, 50 pL of the 0.5% chicken erythrocytes suspension was added to each
well, then the plate was incubated at 25 °C for 30 min. The last well with visible signs of
hemagglutination was determined as the hemagglutination titer.

2.5. Purification of Recombinant HANP

The purification of HA proteins was performed as previously described. Briefly,
5f9 cells were maintained as suspension cultures in SF-SFM insect serum-free medium
(world-medium, Suzhou, China) at 27 °C of 110 rpm. Sf9 cell cultures were infected with
recombinant baculovirus (rBV) expressing HA genes, and infected cells were harvested by
centrifugation at 10,000 g for 30 min. HA was extracted from cell membranes with non-ionic
detergent Sango® Triton X-100 and purified with ion-exchange chromatography, affinity
chromatography, tangential flow, and aseptic filtration. Detergent exchange to polysor-
bate 80 (PS80) was performed during chromatography forming HANP. The nanoparticle
was formed by combining the HA trimers hydrophobic transmembrane regions with the
PS80 micelle.

2.6. TEM and DLS

Transmission electron microscopy (TEM) images of the HANP were obtained by
negative staining. The purified HANP sample was diluted to 10 ug/mL in formulation
buffer without PS80. The HANP sample (3 uL) was applied to a nitrocellulose-supported
400-mesh copper grid for several seconds, washed with Milli-Q water, and negatively
stained with 1% phosphotungstic acid. Upon drying, images were recorded on a Tecnai G2
microscope (FEI) at 80 kV with a CCD camera (Morada G3).

The hydrodynamic diameter (Z-average size) of influenza HANP protein was mea-
sured at 25 °C by dynamic light scattering (DLS) using a Zetasizer Nano ZS instrument
(Malvern instruments limited., Worcestershire, UK). Particles were dispersed using sterile
phosphate-buffered saline at a concentration of 1 mg/mL before determination of size/PDIL
The Z-average is represented as diameter in nm + width of the distribution.

2.7. Vaccine and Adjuvant

BNV consisted of a dose of 5 ug HA/strain of A/swine/Qingdao/2018 (H1N1) and
A/swine/Jiangsu/P3589/2016 (H3N2) in 0.2 mL, respectively. BNV was co-administered
with 5 pg MF59 or 5 pug CPG1 adjuvant (5'-TsCsGsCsCsCsGsTsCsGsCsCsAsGsCsGsAsGsGs
CsGsTsTsT-3/, Yiweikang Bio, Wuhan, China), separately. Commercial bivalent inactivated
swine influenza vaccine was purchased from Sinovet Bio (Taizhou, China), and contains
strains of A/Swine/Liaoning/32/2006 (HIN1) and A/Swine/Heilongjiang/10/2007 (H3N2).

2.8. Viruses

Swine virus strains HIN1 (CVCC AV1523) and H3N2 (CVCC AV1520) were obtained
from the Centers for Veterinary Culture Collection of China (China Institute of Veterinary
Drug Control, Beijing, China). Virus strains used for the challenge assay were grown in
pathogen-free, 10-day-old embryonated chicken eggs (Beijing Boehringer Ingelheim Vital
Biotechnology Co., Ltd., Beijing, China); Viruses used for the HAI assay were grown and
passaged in the high five cell.

2.9. Animals, Immunization, and Viral Challenge

Six-week-old female specific pathogen-free BALB/c mice were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). Mice were maintained
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in individually ventilated cage (IVC) systems (Fengshi Group, Suzhou, China) and supplied
with ad libitum feed and water. Each group consisted of 8 mice. The room temperature
was maintained at 22 °C =+ 3 °C, relative humidity 50 &= 10%, and the light cycle was a 12 h
on/ off photoperiod.

Balb/c mice were immunized subcutaneously with purified bivalent swine influenza
nanoparticle vaccines based on HA of 5 ng and with or without MF59 or CPG1 adjuvant at
weeks 0 and 4. The commercial swine influenza inactivated vaccine group was immunized
with the same hemagglutination unit of antigen in 0.2 mL at week 1 and week 4, and
the PBS group was set as a negative control (NC). Sera samples were obtained from all
mice before vaccination and interval weeks after the first and booster immunization. Mice
were challenged intranasally (in.) with 10%° median embryo infectious dose (EID50)
of swine influenza HIN1 and H3N2 strains 0.1 mL at week 6, respectively. Following
the challenge, Balb/c mice were monitored twice daily for clinical signs and weighed
daily for 14 days. Mice showing >25% of their initial body weight loss were defined as
reaching the experimental end-point and were euthanized humanely. Three mice of each
immunized group were euthanized after 6 days post-infection, left lungs were harvested
and homogenized for RNA extraction, and the right lung was fixed in 10% buffered
formalin and stained with hematoxylin and eosin for histopathological examination. Feces
samples were obtained before vaccination and challenge and daily after challenge until
the end of the study to determine individual influenza viral RNA shedding profiles by
RT-PCR according to the China National Standards (CNS) GB/T 27521-2011 developed by
the Harbin Veterinary Research Institute of the Chinese Academy of Agricultural Sciences.

2.10. HAlI and VN Assay

HAI antibody titers were measured using 0.5% chicken erythrocytes and 4 HA units
of 2 recombinant influenza viruses. Prior to HAI testing, the serum specimens were treated
with receptor-destroying enzyme II (RDE II, Denka Seiken Co., Ltd., Tokyo, Japan) at 37 °C
overnight followed by 56 °C for 30 min to remove nonspecific hemagglutinin inhibitors and
natural serum agglutinins. The HAI assays were finally performed in 96-well microtiter
plates according to the manual for GB/T-27535-2011 of the state standard of the People’s
Republic of China.

Virus neutralizing activity were determined using a modified neutralization assay
from a previously described procedure [37]. In brief, serum samples were heat-inactivated
at 56 °C for 30 min, 2-fold serial diluted and incubated with 100 TCID50/well of swine
influenza virus in 96-well microplates. The mixture was incubated at 37 °C for 1 h, the
serum-swine influenza virus mixture was then transferred to 96-well microplates containing
MDCK cells and incubated for 72 h. Anti-swine influenza VN antibodies were measured
using a standard cytopathic (CPE) inhibition, neutralization titers are expressed as the
reciprocal value of the highest dilution of the serum which inhibited the production of CPE.

2.11. Virus-Specific IgG ELISA and Cytokine Analysis

Antigen-specific IgG and IgG subclass (IgG1 and IgG2a) levels in serum were per-
formed using an enzyme-linked immunosorbent assay (ELISA) described previously [37].
The measurement was performed using a microplate analyzer (Prolong, DNM-9602; Pro-
long New Technology Co., LTD., Beijing, China) at 450 nm. Concentrations of IFN-y and
IL-4 in mouse serum samples were analyzed two weeks after booster immunization by ab-
sorbance changes at a wavelength of 450 nm by ELISA using a mouse IFN-y/IL-4 enzyme
immunoassay kit (MIBio, Shanghai, China) according to the manufacturer’s instructions.

2.12. Histopathology

After 6 days of the challenge, mice were euthanized, and lung tissues were collected.
Lung tissues were fixed in 10% formalin, embedded in paraffin, and used for HE stain-
ing and histopathological analysis. The tissue sections cut at 4 um were affixed on glass
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slides and then viewed under the Pannoramic 250 digital slice scanner (3DHistech, Bu-
dapest, Hungary).

2.13. Statistical Analysis

GraphPad Prism software version 9.0 was used for all statistical analyses. Statistically
significant differences between experimental groups were determined by an unpaired
t-test. p values (p) of <0.05 were considered statistically significant, while p < 0.01 was
considered a highly significant difference. All data were reported as the mean + standard
deviation (SD).

2.14. Ethics Statement

All animal experiments were performed according to the guidelines of the Northwest
A&F University, using protocols approved by the institutional laboratory of Animal Care
and Use Committee (No. 220412). The 3R principle was strictly observed during the
experiment to ensure animal welfare.

3. Results
3.1. Generation and Characterization of an rBV Expressing the H1 and H3 HA Gene

A schematic diagram of a TM-replaced rBV strain, designated as H1-TM, is shown
in Figure 1a. The presence of the HA gene was confirmed by PCR and sequence analysis.
The rBV plasmid pBacPAK9-H1-HA-TM and pBacPAK9-H3-HA-WT containing the HA
gene of the A/swine/Qingdao/2018 (H1IN1) and A /swine/Jiangsu/P3589/2016 (H3N2)
virus, and the bacmid plasmid was prepared and used to co-transfect Sf9 cells. After six
days of co-transfection, Sf9 cells became tumefacient and rounded, and rBV-H1-TM and
rBV-H3-WT were obtained by serial passage on Sf9 cells and then expressed on Hi5 cells.

To investigate the impact of the replacement of the TM of H1-HA with an H3-TM on
recombinant protein expression and hemagglutinating activity, Western blots of purified
HA protein and hemagglutination assay were analyzed. Results showed that viral titration
of H1-TM in Sf9 cells was higher than that of H1-WT which was determined using a
BacPAK™ Baculovirus Rapid Titer Kit (Figure 1b). Western blotting showed that the HA
protein expressed by rBV-H1-TM, rBV-H1-WT, and rBV-H3-WT was specifically recognized
by the anti-His tag primary antibody (66005-1-Ig, Proteintech, Wuhan, China) (Figure 1c).
The hemagglutination assay showed that the hemagglutination titer of H1-TM was one
titer higher than H1-WT (Figure 1d).

3.2. HANP Production and Characterization

This novel HANP is a mixed micelle consisting of recombinantly expressed full-length
HA trimers with an intact membrane domain which stably interacts with a core of PS80
molecules. The purity of the HANP protein was determined by SDS-PAGE densitometry,
and it was >90%. The particle size mostly ranged from 32.67 to 68.06 nm in diameter
as determined using DLS (Figure 2a). The nanoparticle structures were characterized
by electron microscope negatively stained images exhibiting variable HA trimers per
nanoparticle. The result is consistent with previous reports [38] (Figure 2b).

3.3. Humoral and Cellular Immune Responses Elicited by BNV

The immunization and challenge of mice were carried out according to the experiment
scheme (Figure 3a). To assess the immunogenicity of the BNV, mice were immunized twice
with BNV with or without MF59 or CPG1 adjuvant, and serum samples were collected
from all mice after the second immunizations at week six. Then serological HAI and VN
antibody titers were measured and rBV supernatants expressed on Hi5 cells were used as
antigens in the HAI test [39].
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Figure 2. Dynamic light scattering (DLS) and transmission electron microscopy (TEM) analysis of
HA nanoparticle. (a) DLS analysis of HA nanoparticle. (b) TEM analysis of HA nanoparticle.

Our results showed that no HAI antibodies were detected from groups inoculated
with PBS, whereas high HALI titers were detected in the BNV group (Figure 3b,c). In a
comparison of BNV against inactivated influenza vaccines (IIV) in mice, HAI titers induced
by BNV were four-fold higher than IIV in the absence of the adjuvant. MF59 and CPG1
adjuvants can remarkably enhance the HAI antibody titers of BNV, and the average HAI
titer of the MF59 adjuvant group was two to four times that of the single nanoparticle group.
There was no significant difference between the two adjuvants groups. A similar effect was
observed in the VN antibody titers of H3N2 (Figure 3e), whereas the VN antibody titers
between the two adjuvants groups of HIN1 showed significant difference (Figure 3d). The
VN antibody titers from the group immunized with BNV against HIN1 and H3N2 arrived
at the highest level of 2.7 log10 and 2.4 log10 in the 6th week, whereas the VN antibody
titers of the IIV group reached only 2.1 log10 and 1.8 log10. Furthermore, the VN antibody
titers against HIN1 virus of MF59 and CPG1 adjuvant groups arrived at the highest level
of 3.6 log10 and 3.9 log10, respectively, and H3N2 of 3.3 log10 and 3.6 log10.

Antigen-specific IgG1 and IgG2a levels in serum were correlated with the magni-
tudes of Th2 and Th1 responses, respectively. Two weeks after the boost immunization,
antigen-specific IgG1 and IgG2a levels in serum were measured by ELISA. MF59 and CPG1
enhanced HIN1/H3N2-HA-specific IgG and IgG subclass responses. BNV combined with
either MF59 or CPG1 produced more significant IgG and IgG subclass antibodies than BNV
and IIV groups (Figure 4a—d), and the level of IgG1 IIV group was higher than that of IgG2a,
indicating Th2-favored responses. IgG1 and IgG2a antibodies were comparable in the BNV
alone and MF59 + BNV groups and showed a balanced immune response, whereas the
CPG1 + BNV group showed a Thl-favored responses.

Cellular immunity plays an important role in preventing influenza virus infection.
The production of cytokines in vaccination determines the magnitude and dimension of
immune responses. Concentrations of samples were analyzed two weeks after booster
immunization by absorbance changes at a wavelength of 450 nm by ELISA. IFN-y and
IL-4 levels in serum were evaluated two weeks after boosting immunization. As shown
in Figure 4e,f, IFN-y levels in BNV alone and MF59- or CPG1-adjuvanted BNV groups
increases compared with the PBS or IIV groups. A similar trend was observed in the IL-4
test, with no significant difference between MF59 + BNV and CPG1 + BNV groups.
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Figure 3. HAI and VN antibody responses in BNV immunized mice. (a) Schematic flow diagram
of the animal immunization and challenge. (b,c) HAI antibody titers in mice after immunization
with swine influenza bivalent nanoparticle vaccines (1 = 8). The results were calculated by the
value of log2. Each symbol represents an individual mouse, and the horizontal bar indicates the
geometric mean of the group. (d,e) VN antibody titers in mice after immunization with swine
influenza bivalent nanoparticle vaccines (n = 8). The results were calculated by the value of log10.
Each symbol represents an individual mouse, and the horizontal bar indicates the geometric mean of
the group. Values are presented as mean =+ standard deviation (S.D). Statistical significance analysis
was performed using one-way ANOVA and then multiple comparison tests (** p < 0.01; *** p < 0.001;
**** p < 0.0001; ns, p > 0.05), and n.s. indicates no significance between the two compared groups
(n = 8). Three parallel experiments in each group were conducted.

Taken together, BNV can elicit high and balanced humoral and cellular immune
responses, mainly cellular immunity in the presence of the CPG1 adjuvant.

3.4. Protective Efficacy against Drifted HIN1 and H3N2 SIV Infection

We then determined the protection level of BNV against homologous but drifted
virus attacks. Protein blast results showed that the amino acids homology of HA protein
between the vaccine strains and the drift challenge strains used in this study were quite
different, with A/swine/Qingdao/2018 (H1N1) and CVCC AV1523 (H1N1) at 81.8%, and
A/swine/Jiangsu/P3589/2016 (H3N2) and CVCC AV1520 (H3N2) at 80.39%, and they
belong to different branches.

At 14 days after the booster immunization, vaccinated and control mice were chal-
lenged with drifted SIV HIN1 (CVCC AV1523) and H3N2 (CVCC AV1520), respectively.
The protective efficacy was evaluated by the mental state, weight loss, viral loads in lungs,
and viral shedding in feces of the mice following the stringent challenge. A slight weight
loss in mice was observed after challenge in the BNV-vaccinated and IIV-vaccinated group,
while the mice in the PBS-inoculated group showed weight losses of 27.2% and 17.5%,
respectively, one week after the challenge (Figure 5a,b). Although weight gain was ob-
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served on subsequent days, the body weight of the PBS group still did not recover to the
pre-challenge level by day 14. The survival rates of mice were recorded over time, and
survival rates were illustrated using the Kaplan—-Meier method (Figure 5¢,d).
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Figure 4. Virus-specific IgG ELISA and cytokine analysis in BNV immunized mice. (a,b) Swine
influenza HIN1 and H3N2-specific IgG titers in serum two weeks after the final immunization. The
minimum detectable dose of mouse IgG is less than 1.0 ug/mL. (c,d) Levels of IgG1 and IgG2a
in serum of immunized mice were determined using ELISA two weeks after boost immunization.
The minimum detectable dose of mouse IgG1 and IgG2a is less than 1.0 pg/mL and 0.1 pg/mL,
respectively. (e,f) IFN-7y and IL-4 levels in serum from immunized mice were analyzed by mouse
IFN-v and IL-4 enzyme immunoassay kit. The minimum detectable dose of mouse IFN-y and IL-4 is
typically less than 1.0 pg/mL. Values are presented as mean =+ standard deviation (S.D). Statistical
significance analysis was performed using one-way ANOVA and then multiple comparison tests
(** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, p > 0.05), and n.s. indicates no significance between the
two compared groups (1 = 8). Three parallel experiments in each group were conducted.

At six days post-challenge (dpc), mice immunized with BNV plus MF59 and CPG1
showed no lung viral loads following the challenge with HIN1 and H3N2 viruses. Further-
more, viruses collected from mice inoculated with BNV showed a significantly lower lung
viral load than those in the IIV group (p < 0.0001). In contrast, mice inoculated with the
PBS group showed high loads of infectious virus in lung tissues, with viral loads of HIN1
of 6.4 x 108 copies/mL, and H3N2 of 6.8 x 107® copies/mL, respectively (Figure 5e,f).

Compared to control groups with BNV-vaccinated groups of viral shedding in feces by
RT-PCR, BNV-associated groups of mice displayed a significant reduction in viral shedding
on days four and six dpc (Figure 5g,h). The addition of MF59 and CPG1 adjuvants to the
BNV vaccine provided enhanced protection against virus shedding compared with BNV
alone, and the virus was undetectable in feces after 14 days of the challenge.
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Figure 5. Mice were immunized with BNV-nanoparticle, MF59-adjuvanted, or CPGl-adjuvanted
BNV and challenged with swine influenza HIN1 (CVCC AV1523) and H3N2 (CVCC AV1520) viruses.
(a,b) Weight changes of mice challenged with swine influenza HIN1 and H3N2 in each group are
shown. Values indicate the mean weight changes of all mice in each group after the virus challenge.
(c,d) The survival rates were analyzed by Kaplan-Meier methods (1 = 8/group). (e,f) Viral loads in
lung tissues of mice six days post-challenge with HIN1 and H3N2 viruses are shown (**** p < 0.0001).
(g,/h) Duration of viral shedding in feces samples post-challenge with HIN1 and H3N2 viruses.

These results indicate that this novel swine influenza BNV could provide complete
protection against drifted swine influenza HIN1 and H3N2 viruses.

3.5. BNV Reduces Lung Pathological Lesions upon Homologous SIV Challenge

The mice of each group were challenged with the HIN1 (CVCC AV1523) and H3N2
(CVCC AV1520) viruses, and the lung tissues of mice were collected at six dpc for patho-
logical examination. Lungs of unimmunized mice are shown in Figures 6A and 7A. The
structure of lung tissues in mice vaccinated with IIV were basically normal, only slight
histopathologic changes were found (Figures 6B and 7B). No obvious pathological changes
were observed in mice vaccinated with BNV and BNV plus MF59 or CPG1 adjuvant groups
(Figures 6C-E and 7C-E). In contrast, the PBS-vaccinated group showed alveolar wall
congestion, disappeared alveolar cavity structure, alveolar epithelial cell necrosis, cell
structure disintegration, nuclear pyknosis, and dissolution, accompanied by the slight pro-
liferation of alveolar epithelial cells and more inflammatory cells were infiltrated. Mainly
round and deeply stained lymphocytes showed typical symptoms of interstitial pneu-
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monia after challenging with HIN1 (CVCC AV1523) and H3N2 (CVCC AV1520) viruses
(Figures 6G and 7G). There were no obvious symptoms of tracheal hemorrhage in immune
groups, only mild tracheal wall thickening and lymphocytic infiltration were observed
(Figures 6H,I and 7H,I). Generally, according to the clinical symptoms and pathological
changes, the pathological damage caused by HIN1 was more serious than that caused
by H3N2.

Figure 6. Histopathologic examination of lung and trachea lesions in mice at sixth day post-challenge
of HIN1 (CVCC AV1523). (A-F): Lung changes of different groups. (A): NC (lung); (B): inactivated
vaccine (IIV) group; (C): BNV group; (D): BNV + MF59 group; (E): BNV + CPG group; (F): PBS
control group; (G-I): trachea changes of different groups; (G): NC (trachea); (H): inactivated vaccine
(ITV) group; (I): BNV group (Scale bar = 100 pum).

Taken together, these data indicated that BNV could provide effective efficacy in
reducing lung gross and microscopic lesions of HIN1 (CVCC AV1523)- and H3N2 (CVCC
AV1520)-challenged mice.
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Figure 7. Histopathologic examination of lung and trachea lesions in mice at sixth day post-challenge
of H3N2 (CVCC AV1520). (A-F): Lung changes of different groups. (A): NC (lung); (B): inactivated
vaccine (IIV) group; (C): BNV group; (D): BNV + MF59 group; (E): BNV + CPG group; (F): PBS
control group; (G-I): trachea changes of different groups; (G): NC (trachea); (H): inactivated vaccine
(ITV) group; (I): BNV group (Scale bar = 100 um). All specimens were processed according to the
SOP procedure for pathological examination. Dehydration, pruning, embedding, sectioning, staining,
sealing, and microscopic examination.

4. Discussion

Currently, there are only very limited reports on the production of the swine influenza
vaccine using an insect baculovirus expression vector system (IBEVS) [40,41]. Our study
shows that the recombinant bivalent swine influenza nanoparticle vaccine expressed by
IBEVS has good immunogenicity and full protection against drifted SIVs, and could be
chosen as a vaccine candidate during a pandemic.

Normally, it takes an average of one embryonated egg to produce one vaccine dose.
The nanoparticle vaccine in this study offers many advantages, including genetic stability,
high titers, as well as ease of scale-up rapidly without concerns about the shortage of
embryonated eggs. Therefore, BNV appears to be more economical and readily marketable.

Previous studies showed that substitutions of cysteines in the HA TM domain and a
replacement with the H3-HA TM domain could enhance stability and hetero-protection
in mice [22-25]. In this study, we generated a recombinant HIN1 WT strain (H1-WT)
and a recombinant HIN1 strain with an H3-TM domain replacement (H1-TM) utilizing
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a baculovirus expression system. The comparison of biological characteristics between
the two H1-viruses indicated that the replacement of the TM domain did not affect the
production of rBV and showed higher hemagglutination activity and viral titer, which is
consistent with previous reports [23]. In addition, stability experiments of purified protein
stored at 4 °C for one month were verified by BCA quantitative assay. The results showed
that H1-TM displayed high stability, while H1-WT showed a certain extent of degradation
(data not shown). Stability experiments with longer storage periods are ongoing. Previous
studies also revealed that the HA proteins with replaced H3-WT TM exhibited enhanced
hetero-protection [23]. Whether the research generated by the bivalent HANP swine
influenza vaccine can resist attacks of heterologous virus needs to be further proven.

Nanoparticle vaccine has shown its broad biomedical application prospects in pre-
venting and treating major human infectious diseases, such as COVID-19, hepatitis B,
influenza, AIDS, and tumors [31,33,36,37,42,43]. In this study, we report a novel nanoparti-
cle HA /PS80, a mixed micelle consisting of recombinantly expressed full-length influenza
HA trimers that stably interact with the core of PS80 molecules through the hydrophobic
TM domain. In terms of morphology, the HA /PS80 nanoparticles in this study showed
diversity in size and shape, which was different from the familiar spherical or cage-like
nanoparticles, such as self-assembling ferritin nanoparticles, two-component 153-50A /50B
nanoparticles, and liposome nanoparticles [32,44,45]. DLS showed that the particle size of
HA /PS80 nanoparticles in this study mostly ranged from 28.67 to 68.06 nm in diameter,
which was different from previous reports on the seasonal influenza vaccine of 28.9 to
33.7 nm [38]. The result may attribute to the varying number of HA trimers bound to the
PS80 micelle. Typically, 2-7 HA trimers can be bound to a PS80 micelle. Similar protein-
detergent-core nanoparticles have been applied in developing a quadrivalent seasonal
influenza vaccine and an RSV vaccine previously [46]. Concerning the type of immune
response and efficiency, HA /PS80 nanoparticles induced a high level of balanced humoral
and cellular immunity compared with inactivated vaccines, while other nanoparticles
described above elicited mainly cellular immune responses. In the practice of vaccine
research, whether to pursue a high level of cellular immunity or a balanced cellular and
humoral immunity is a topic worthy of continuous discussion.

In this study, we also compared the enhancement effect of MF59 and CPG1 adjuvant
on nanoparticle vaccines. The results indicate that MF59 adjuvant stimulates higher and
stronger humoral and cellular immunity and shows milder pulmonary pathological lesions
and lower viral load and fecal shedding in challenge protection studies than inactivated
and single nanoparticle vaccines. CPG1 adjuvant groups mainly induce cellular immunity,
and the level of IgG2a antibody, which symbolizes cellular immunity, is more than 1.6 times
that of IgG1. Furthermore, CPG1 adjuvant groups induce high IFN-y levels, which are
consistent with previous reports [47]. IL-4 is a cytokine with pleiotropic functions and plays
an important role in Th2 responses. High levels of IL-4 can help clear the influenza virus,
combat excessive inflammation, and promote recovery [48]. In this study, we detected high
levels of IL-4, which may be consistent with higher levels of humoral immunity to some
extent. We also compared the effect of doses on the immunity of the nanoparticle vaccine.
There was no significant difference in antibody levels between the 10 pg group (data not
shown) and the 5 ug group. Therefore, 5 ug was chosen in this study.

After the challenge, the weight changes of the mice were recorded for 14 days. Ac-
cording to previous studies, mice showing >25% of their initial body weight loss were
defined as an end-point and were euthanized [49,50]. In this study, two mice died in the
PBS-group challenge with the HIN1 virus, and three mice lost more than 25% of their initial
body weight during the observation period. Although the weight of the mice recovered
from the ninth day gradually, the body weight did not return to the pre-challenge level
(approximately 83.39% for HIN1 and 97.13% for H3N2) until the 14th day. The results
further demonstrated the serious hazard of SIV; although the fatality rate is not high, SIV
infection causes progressive wasting, poor growth performance, and may cause death from



Viruses 2022, 14, 2443 14 of 16

co-infection with other respiratory pathogens or bacterial diseases. Therefore, the clinical
infection and morbidity of swine flu should arouse attention.

So far, at least seven different serum subtypes of SIV have been found, and classical
swine H1IN1, avian-like HIN1, and humanoid H3N2 strains are widely prevalent in pigs.
Serological epidemiological investigation of SI showed that the distribution and evolution
of SIV in China is becoming increasingly complex [51]. The application of BNV is of great
significance to block the transmission of swine influenza virus in China.

Although mice are often used as animal models for influenza vaccine evaluation [52],
there are species differences between different animals. The limitation of this study is that
the bivalent nanoparticle vaccine (BNV) has been verified only in mice, and the immune
protective effect in pigs needs to be further verified.

5. Conclusions

Our data provides insights into a bivalent nanoparticle swine influenza vaccine gener-
ated by the baculovirus-insect cell system. The BNV contains modified HA proteins and
can induce robust immunity in mice. MF59 and CPG1 adjuvants can remarkably enhance
the HAI antibody titers of BNV. The MF59 adjuvant showed a balanced Th1/Th2 immune
response, and the CPG1 adjuvant tended to show a Thl-favored response. The BALB/c
challenge test showed that BNV could provide adequate protection. This study provides a
candidate vaccine for the prevention and control of swine influenza. However, immune
efficacy in pigs needs to be further evaluated.

Author Contributions: Conceptualization, ].-y.W. and E.-q.D.; methodology, H.W.; software, E.-h.C,;
validation, P.T., W.-c.C. and H.W,; formal analysis, P.T. and C.Y.; writing—original draft preparation,
P.T. and E.-h.C.; writing—review and editing, ].-y.W. and E.-q.D.; visualization, E.-h.C.; supervision,
W.-c.C,; project administration, P.T.; funding acquisition, ].-y.W. and E.-q.D. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Project
No. 32172843) and International Science and Technology Cooperation and Exchange Program of
Shaanxi Province (Project No. 2015KW-027).

Institutional Review Board Statement: All animal experiments were performed according to the
guidelines of the Northwest A&F University, using protocols approved by the institutional laboratory
of Animal Care and Use Committee (No. 220412). The 3R principle was strictly observed during the
experiment to ensure animal welfare.

Informed Consent Statement: Not applicable.

Acknowledgments: We thank laboratory staff for their technical expertise and assistance in blood
collection and testing of serum samples. All authors have approved the content and have contributed
significantly to the work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Taubenberger, ] K.; Morens, D.M. The Pathology of Influenza Virus Infections. Annu. Rev. Pathol. 2008, 3, 499-522. [CrossRef]
[PubMed]

2. Taubenberger, ].K.; Kash, J.C. Influenza Virus Evolution, Host Adaptation, and Pandemic Formation. Cell Host Microbe 2010, 7,
440-451. [CrossRef] [PubMed]

3. Ma, W,; Kahn, RE,; Richt, ].A. The pig as a mixing vessel for influenza viruses: Human and veterinary implications. ]. Mol. Genet.
Med. 2008, 3, 158-166. [CrossRef] [PubMed]

4. Shinde, V.; Bridges, C.B.; Uyeki, TM.; Shu, B.; Balish, A.; Xu, X.; Lindstrom, S.; Gubareva, L.V.; Deyde, V.; Garten, R.J.; et al.
Triple-Reassortant Swine Influenza A (H1) in Humans in the United States, 2005-2009. N. Engl. . Med. 2009, 360, 2616-2625.
[CrossRef]

5. Garten, R.J.; Davis, C.T.; Russell, C.A.; Shu, B.; Lindstrom, S.; Balish, A.; Sessions, W.M.; Xu, X.; Skepner, E.; Deyde, V.; et al.

Antigenic and Genetic Characteristics of Swine-Origin 2009 A(H1N1) Influenza Viruses Circulating in Humans. Science 2009, 325,
197-201. [CrossRef]


http://doi.org/10.1146/annurev.pathmechdis.3.121806.154316
http://www.ncbi.nlm.nih.gov/pubmed/18039138
http://doi.org/10.1016/j.chom.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20542248
http://doi.org/10.4172/1747-0862.1000028
http://www.ncbi.nlm.nih.gov/pubmed/19565018
http://doi.org/10.1056/NEJMoa0903812
http://doi.org/10.1126/science.1176225

Viruses 2022, 14, 2443 15 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Shieh, W.-J.; Blau, D.M.; Denison, A.M.; DeLeon-Carnes, M.; Adem, P; Bhatnagar, J.; Sumner, J.; Liu, L.; Patel, M.; Batten, B.; et al.
2009 Pandemic Influenza A (HIN1): Pathology and Pathogenesis of 100 Fatal Cases in the United States. Am. J. Pathol. 2010, 177,
166-175. [CrossRef]

Schmidt, C.; Cibulski, S.P.; Andrade, C.P,; Teixeira, T.F.; Varela, A.P,; Scheffer, C.M.; Franco, A.C.; de Almeida, L.L.; Roehe, PM.
Swine Influenza Virus and Association with the Porcine Respiratory Disease Complex in Pig Farms in Southern Brazil. Zoonoses
Public Health 2016, 63, 234-240. [CrossRef]

Dobrescu, L; Levast, B.; Lai, K.; Delgado-Ortega, M.; Walker, S.; Banman, S.; Townsend, H.; Simon, G.; Zhou, Y.; Gerdts, V.; et al.
In vitro and ex vivo analyses of co-infections with swine influenza and porcine reproductive and respiratory syndrome viruses.
Veter-Microbiol. 2014, 169, 18-32. [CrossRef]

Webster, R.G.; Govorkova, E.A. Continuing challenges in influenza. Ann. N. Y. Acad. Sci. 2014, 1323, 115-139. [CrossRef]
Ryt-Hansen, P; Pedersen, A.G.; Larsen, L; Kristensen, C.S.; Krog, ].S.; Wacheck, S.; Larsen, L.E. Substantial Antigenic Drift in the
Hemagglutinin Protein of Swine Influenza A Viruses. Viruses 2020, 12, 248. [CrossRef]

Gao, J.; Couzens, L.; Burke, D.F; Wan, H.; Wilson, P.; Memoli, M.].; Xu, X.; Harvey, R.; Wrammert, J.; Ahmed, R; et al.
Antigenic Drift of the Influenza A(HIN1)pdm09 Virus Neuraminidase Results in Reduced Effectiveness of A /California/7/2009
(HIN1pdmo09)-Specific Antibodies. mBio 2019, 10, e00307-19. [CrossRef] [PubMed]

Ryt-Hansen, P; Krog, ].S.; Breum, S.0.; Hjulsager, C.K.; Pedersen, A.G.; Trebbien, R.; Larsen, L.E. Co-circulation of multiple
influenza A reassortants in swine harboring genes from seasonal human and swine influenza viruses. eLife 2021, 10, e60940.
[CrossRef] [PubMed]

Tenforde, M.W.; Kondor, R.J.G.; Chung, J.R.; Zimmerman, R.K.; Nowalk, M.P; Jackson, M.L.; Jackson, L.A.; Monto, A.S.; Martin,
E.T,; Belongia, E.A_; et al. Effect of Antigenic Drift on Influenza Vaccine Effectiveness in the United States—2019-2020. Clin. Infect.
Dis. 2021, 73, e4244—4250. [CrossRef] [PubMed]

Baudon, E.; Peyre, M.; Peiris, M.; Cowling, B.J. Epidemiological features of influenza circulation in swine populations: A systematic
review and meta-analysis. PLoS ONE 2017, 12, e0179044. [CrossRef]

Zhao, Y,; Sun, F; Li, L.; Chen, T.; Cao, S.; Ding, G.; Cong, F,; Liu, ].; Qin, L.; Liu, S.; et al. Evolution and Pathogenicity of the H1
and H3 Subtypes of Swine Influenza Virus in Mice between 2016 and 2019 in China. Viruses 2020, 12, 298. [CrossRef]

Cao, Z.; Zeng, W.; Hao, X.; Huang, J.; Cai, M.; Zhou, P; Zhang, G. Continuous evolution of influenza A viruses of swine from
2013 to 2015 in Guangdong, China. PLoS ONE 2019, 14, €0217607. [CrossRef]

Cai, M.; Huang, J.; Bu, D,; Yu, Z,; Fu, X; Ji, C.; Zhou, P.,; Zhang, G. Molecular evolution of HIN1 swine influenza in Guangdong,
China, 2016-2017. Infect. Genet. Evol. 2018, 60, 103-108. [CrossRef]

Yu, H.; Hua, R-H.; Zhang, Q.; Liu, T.-Q.; Liu, H.-L.; Li, G.-X,; Tong, G.-Z. Genetic Evolution of Swine Influenza A (H3N2) Viruses
in China from 1970 to 2006. J. Clin. Microbiol. 2008, 46, 1067-1075. [CrossRef]

He, W.; Zhang, W.; Yan, H.; Xu, H.; Xie, Y.; Wu, Q.; Wang, C.; Dong, G. Distribution and evolution of HIN1 influenza A viruses
with adamantanes-resistant mutations worldwide from 1918 to 2019. J. Med. Virol. 2021, 93, 3473-3483. [CrossRef]

Feng, Z.; Zhu, W,; Yang, L.; Liu, J.; Zhou, L.; Wang, D.; Shu, Y. Epidemiology and Genotypic Diversity of Eurasian Avian-Like
HIN1 Swine Influenza Viruses in China. Virol. Sin. 2021, 36, 43-51. [CrossRef]

Song, Y.; Zhang, Y.; Zhang, B.; Chen, L.; Zhang, M.; Wang, J.; Jiang, Y.; Yang, C.; Jiang, T. Identification, Genetic Analysis, and
Pathogenicity of Classical Swine HIN1 and Human-Swine Reassortant HIN1 Influenza Viruses from Pigs in China. Viruses 2020,
12, 55. [CrossRef] [PubMed]

Zhou, J.; Xu, S.; Ma, J.; Lei, W.; Liu, K,; Liu, Q.; Ren, Y.; Xue, C.; Cao, Y. Recombinant influenza A H3N2 viruses with mutations of
HA transmembrane cysteines exhibited altered virological characteristics. Virus Genes 2014, 48, 273-282. [CrossRef] [PubMed]
Wang, Y.; Wu, J.; Xue, C.; Wu, Z,; Lin, Y.; Wei, Y.; Wei, X.; Qin, J.; Zhang, Y.; Wen, Z.; et al. A recombinant H7N9 influenza vaccine
with the H7 hemagglutinin transmembrane domain replaced by the H3 domain induces increased cross-reactive antibodies and
improved interclade protection in mice. Antivir. Res. 2017, 143, 97-105. [CrossRef] [PubMed]

Liu, Q.; Liu, K.; Xue, C.; Zhou, J.; Li, X,; Luo, D.; Zheng, J.; Xu, S.; Liu, G.D.; Cao, Y. Recombinant influenza H1, H5 and H9
hemagglutinins containing replaced H3 hemagglutinin transmembrane domain showed enhanced heterosubtypic protection in
mice. Vaccine 2014, 32, 3041-3049. [CrossRef]

Zhang, Y.; Wei, Y,; Liu, K.; Huang, M.; Li, R.; Wang, Y,; Liu, Q.; Zheng, J.; Xue, C.; Cao, Y. Recombinant influenza HON2 virus with
a substitution of H3 hemagglutinin transmembrane domain showed enhanced immunogenicity in mice and chicken. Sci. Rep.
2017, 7, 17923. [CrossRef] [PubMed]

Wei, C.J.; Crank, M.C,; Shiver, J.; Graham, B.S.; Mascola, J.R.; Nabel, G.J. Next-generation influenza vaccines: Opportunities and
challenges. Nat. Rev. Drug Discov. 2020, 19, 239-252. [CrossRef]

Khurana, S.; Hahn, M.; Coyle, EIM.; King, L.R.; Lin, T.-L.; Treanor, J.; Sant, A.; Golding, H. Repeat vaccination reduces antibody
affinity maturation across different influenza vaccine platforms in humans. Nat. Commun. 2019, 10, 3338. [CrossRef]
Montomoli, E.; Khadang, B.; Piccirella, S.; Trombetta, C.; Mennitto, E.; Manini, I.; Stanzani, V.; Lapini, G. Cell culture-derived
influenza vaccines from Vero cells: A new horizon for vaccine production. Expert Rev. Vaccines 2012, 11, 587-594. [CrossRef]
Hu, W,; Zhang, H.; Han, Q.; Li, L.; Chen, Y.; Xia, N.; Chen, Z; Shu, Y.; Xu, K; Sun, B. A Vero-cell-adapted vaccine donor strain of
influenza A virus generated by serial passages. Vaccine 2015, 33, 374-381. [CrossRef]


http://doi.org/10.2353/ajpath.2010.100115
http://doi.org/10.1111/zph.12223
http://doi.org/10.1016/j.vetmic.2013.11.037
http://doi.org/10.1111/nyas.12462
http://doi.org/10.3390/v12020248
http://doi.org/10.1128/mBio.00307-19
http://www.ncbi.nlm.nih.gov/pubmed/30967460
http://doi.org/10.7554/eLife.60940
http://www.ncbi.nlm.nih.gov/pubmed/34313225
http://doi.org/10.1093/cid/ciaa1884
http://www.ncbi.nlm.nih.gov/pubmed/33367650
http://doi.org/10.1371/journal.pone.0179044
http://doi.org/10.3390/v12030298
http://doi.org/10.1371/journal.pone.0217607
http://doi.org/10.1016/j.meegid.2018.02.029
http://doi.org/10.1128/JCM.01257-07
http://doi.org/10.1002/jmv.26670
http://doi.org/10.1007/s12250-020-00257-8
http://doi.org/10.3390/v12010055
http://www.ncbi.nlm.nih.gov/pubmed/31906591
http://doi.org/10.1007/s11262-013-1011-2
http://www.ncbi.nlm.nih.gov/pubmed/24272698
http://doi.org/10.1016/j.antiviral.2017.03.029
http://www.ncbi.nlm.nih.gov/pubmed/28408133
http://doi.org/10.1016/j.vaccine.2014.03.058
http://doi.org/10.1038/s41598-017-18054-x
http://www.ncbi.nlm.nih.gov/pubmed/29263359
http://doi.org/10.1038/s41573-019-0056-x
http://doi.org/10.1038/s41467-019-11296-5
http://doi.org/10.1586/erv.12.24
http://doi.org/10.1016/j.vaccine.2014.11.007

Viruses 2022, 14, 2443 16 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Shinde, V.; Cho, L; Plested, ].S.; Agrawal, S,; Fiske, J.; Cai, R.; Zhou, H.; Pham, X.; Zhu, M.; Cloney-Clark, S.; et al. Comparison of
the safety and immunogenicity of a novel Matrix-M-adjuvanted nanoparticle influenza vaccine with a quadrivalent seasonal
influenza vaccine in older adults: A phase 3 randomised controlled trial. Lancet Infect Dis. 2022, 22, 73-84. [CrossRef]

Yan, Y.; Wang, X,; Lou, P; Hu, Z,; Qu, P; Li, D.; Li, Q.; Xu, Y.; Niu, J.; He, Y,; et al. A Nanoparticle-Based Hepatitis C Virus Vaccine
with Enhanced Potency. J. Infect Dis. 2020, 221, 1304-1314. [PubMed]

Kanekiyo, M.; Wei, C.-J.; Yassine, H.M.; McTamney, PM.; Boyington, J.C.; Whittle, ].R.; Rao, S.S.; Kong, W.-P.; Wang, L.; Nabel,
G.J. Self-assembling influenza nanoparticle vaccines elicit broadly neutralizing HIN1 antibodies. Nature 2013, 499, 102-106.
[CrossRef] [PubMed]

He, J.; Fan, K,; Yan, X. Ferritin drug carrier (FDC) for tumor targeting therapy. J. Control Release 2019, 311-312, 288-300. [CrossRef]
[PubMed]

Hong, S.; Choi, D.W,; Kim, H.N.; Park, C.G.; Lee, W.; Park, H.H. Protein-Based Nanoparticles as Drug Delivery Systems.
Pharmaceutics 2020, 12, 604. [CrossRef]

Sun, W.; He, L.; Zhang, H.; Tian, X.; Bai, Z.; Sun, L.; Yang, L.; Jia, X.; Bi, Y,; Luo, T.; et al. The self-assembled nanoparticle-based
trimeric RBD mRNA vaccine elicits robust and durable protective immunity against SARS-CoV-2 in mice. Signal Transduct. Target.
2021, 6, 340. [CrossRef]

Karch, C.P; Matyas, G.R.; Burkhard, P.; Beck, Z. Self-Assembling Protein Nanoparticles: Implications for HIV-1 vaccine
development. Nanomedicine 2018, 13, 2121-2125. [CrossRef]

Mor¢ol, T.; Hurst, B.L.; Tarbet, B. Calcium phosphate nanoparticle (CaPNP) for dose-sparing of inactivated whole virus pandemic
influenza A (HIN1) 2009 vaccine in mice. Vaccine 2017, 35, 4569—4577. [CrossRef]

Smith, G.; Liu, Y.; Flyer, D.; Massare, M.].; Zhou, B.; Patel, N.; Ellingsworth, L.; Lewis, M.; Cummings, J.F.; Glenn, G. Novel
hemagglutinin nanoparticle influenza vaccine with Matrix-M adjuvant induces hemagglutination inhibition, neutralizing, and
protective responses in ferrets against homologous and drifted A(H3N2) subtypes. Vaccine 2017, 35, 5366-5372. [CrossRef]

Wu, Y,; Yang, D.; Xu, B.; Liang, W.; Sui, J.; Chen, Y.; Yang, H.; Chen, H.; Wei, P; Qiao, C. Inmune efficacy of an adenoviral
vector-based swine influenza vaccine against antigenically distinct HIN1 strains in mice. Antivir. Res. 2017, 147, 29-36. [CrossRef]
Hernandez, L.A.; Miller, C.L.; Vaughn, E.M. Particle and subunit-based hemagglutinin vaccines provide protective efficacy
against HIN1 influenza in pigs. Veter-Microbiol. 2016, 191, 35-43. [CrossRef]

Zahmati, S.; Taghizadeh, M.; Haghighat, S.; Jalalirad, R.; Mahdavi, M. Recombinant hemagglutinin of swine HIN1 influenza
virus expression in the insect cells: Formulation in Montanide ISA71 adjuvant and the potency studies. Iran. . Basic Med. Sci.
2021, 24, 1546-1553. [PubMed]

Boyoglu-Barnum, S.; Ellis, D.; Gillespie, R.A.; Hutchinson, G.B.; Park, Y.-J.; Moin, S.M.; Acton, O.].; Ravichandran, R.; Murphy,
M.; Pettie, D.; et al. Quadrivalent influenza nanoparticle vaccines induce broad protection. Nature 2021, 592, 623-628. [CrossRef]
[PubMed]

Ma, X,; Zou, E; Yu, E; Li, R.; Yuan, Y.; Zhang, Y.; Zhang, X.; Deng, J.; Chen, T.; Song, Z.; et al. Nanoparticle Vaccines Based on the
Receptor Binding Domain (RBD) and Heptad Repeat (HR) of SARS-CoV-2 Elicit Robust Protective Immune Responses. Immunity
2020, 53, 1315-1330.€9. [CrossRef]

Marcandalli, J.; Fiala, B.; Ols, S.; Perotti, M.; de van der Schueren, W.; Snijder, J.; Hodge, E.; Benhaim, M.; Ravichandran, R.; Carter,
L.; et al. Induction of Potent Neutralizing Antibody Responses by a Designed Protein Nanoparticle Vaccine for Respiratory
Syncytial Virus. Cell 2019, 176, 1420-1431.e17. [CrossRef] [PubMed]

Walls, A.C.; Fiala, B.; Schafer, A.; Wrenn, S.; Pham, M.N.; Murphy, M.; Tse, L.V.; Shehata, L.; O’Connor, M.A_; Chen, C.; et al.
Elicitation of Potent Neutralizing Antibody Responses by Designed Protein Nanoparticle Vaccines for SARS-CoV-2. Cell 2020,
183, 1367-1382.e17. [CrossRef]

Krueger, S.; Curtis, J.E.; Scott, D.R.; Grishaev, A.; Glenn, G.; Smith, G.; Ellingsworth, L.; Borisov, O.; Maynard, E.L. Structural
Characterization and Modeling of a Respiratory Syncytial Virus Fusion Glycoprotein Nanoparticle Vaccine in Solution. Mol.
Pharm. 2021, 18, 359-376. [CrossRef]

Rudicell, R.S.; Garinot, M.; Kanekiyo, M.; Kamp, H.D.; Swanson, K.; Chou, T.-H.; Dai, S.; Bedel, O.; Simard, D.; Gillespie, R.A;
et al. Comparison of adjuvants to optimize influenza neutralizing antibody responses. Vaccine 2019, 37, 6208-6220. [CrossRef]
Nagai, N.; Kashiwamura, S.; Nakanishi, K.; Shinka, S. Interleukin-4 (IL-4). Gan Kagaku Ryoho. 1994, 21, 1099-1108.

Ruan, B.-Y.; Wen, F; Gong, X.-Q.; Liu, X.-M.; Wang, Q.; Yu, L.-X; Wang, S.-Y.; Zhang, P; Yang, H.-M.; Shan, T.-L.; et al. Protective
efficacy of a high-growth reassortant HIN1 influenza virus vaccine against the European Avian-like HIN1 swine influenza virus
in mice and pigs. Veter-Microbiol. 2018, 222, 75-84. [CrossRef]

Ruan, B.-Y;; Yao, Y.; Wang, S.-Y,; Gong, X.-Q.; Liu, X.-M.; Wang, Q.; Yu, L.-X,; Zhu, S.-Q.; Wang, J.; Shan, T.-L.; et al. Protective
efficacy of a bivalent inactivated reassortant HIN1 influenza virus vaccine against European avian-like and classical swine
influenza HIN1 viruses in mice. Veter-Microbiol. 2020, 246, 108724. [CrossRef]

Li, H; Leng, H.; Tang, S.; Su, C.; Xu, Y.,; Wang, Y.; Lv, ].; Zhang, S.; Feng, Y.; Song, S.; et al. Prevalence, Genetics and Evolutionary
Properties of Eurasian Avian-like HIN1 Swine Influenza Viruses in Liaoning. Viruses 2022, 14, 643. [CrossRef] [PubMed]
Matsuoka, Y.; Lamirande, E.W.; Subbarao, K. The Mouse Model for Influenza. Curr. Protoc. Microbiol. 2009, 13, 15G.3.1-15G.3.30.
[CrossRef] [PubMed]


http://doi.org/10.1016/S1473-3099(21)00192-4
http://www.ncbi.nlm.nih.gov/pubmed/31074790
http://doi.org/10.1038/nature12202
http://www.ncbi.nlm.nih.gov/pubmed/23698367
http://doi.org/10.1016/j.jconrel.2019.09.002
http://www.ncbi.nlm.nih.gov/pubmed/31494184
http://doi.org/10.3390/pharmaceutics12070604
http://doi.org/10.1038/s41392-021-00750-w
http://doi.org/10.2217/nnm-2018-0222
http://doi.org/10.1016/j.vaccine.2017.07.016
http://doi.org/10.1016/j.vaccine.2017.08.021
http://doi.org/10.1016/j.antiviral.2017.09.009
http://doi.org/10.1016/j.vetmic.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/35317113
http://doi.org/10.1038/s41586-021-03365-x
http://www.ncbi.nlm.nih.gov/pubmed/33762730
http://doi.org/10.1016/j.immuni.2020.11.015
http://doi.org/10.1016/j.cell.2019.01.046
http://www.ncbi.nlm.nih.gov/pubmed/30849373
http://doi.org/10.1016/j.cell.2020.10.043
http://doi.org/10.1021/acs.molpharmaceut.0c00986
http://doi.org/10.1016/j.vaccine.2019.08.030
http://doi.org/10.1016/j.vetmic.2018.07.003
http://doi.org/10.1016/j.vetmic.2020.108724
http://doi.org/10.3390/v14030643
http://www.ncbi.nlm.nih.gov/pubmed/35337050
http://doi.org/10.1002/9780471729259.mc15g03s13
http://www.ncbi.nlm.nih.gov/pubmed/19412911

	Introduction 
	Materials and Methods 
	Cloning and Expression of HA Nanoparticles (HANP) 
	Cell Lines 
	Virus Titration 
	Hemagglutination Assay 
	Purification of Recombinant HANP 
	TEM and DLS 
	Vaccine and Adjuvant 
	Viruses 
	Animals, Immunization, and Viral Challenge 
	HAI and VN Assay 
	Virus-Specific IgG ELISA and Cytokine Analysis 
	Histopathology 
	Statistical Analysis 
	Ethics Statement 

	Results 
	Generation and Characterization of an rBV Expressing the H1 and H3 HA Gene 
	HANP Production and Characterization 
	Humoral and Cellular Immune Responses Elicited by BNV 
	Protective Efficacy against Drifted H1N1 and H3N2 SIV Infection 
	BNV Reduces Lung Pathological Lesions upon Homologous SIV Challenge 

	Discussion 
	Conclusions 
	References

