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Abstract: The Influenza A virus of swine (IAV-S) is highly prevalent and causes significant economic
losses to swine producers. Due to the highly variable and rapidly evolving nature of the virus, it
is critical to develop a safe and versatile vaccine platform that allows for frequent updates of the
vaccine immunogens to cope with the emergence of new viral strains. The main objective of this
study was to assess the feasibility of using lipid nanoparticles (LNPs) as nanocarriers for delivering
DNA plasmid encoding the viral hemagglutinin (HA) gene in pigs. The intramuscular administration
of a single dose of the LNP-DNA vaccines resulted in robust systemic and mucosal responses in pigs.
Importantly, the vaccinated pigs were fully protected against challenge infection with the homologous
IAV-S strain, with only 1 out of 12 vaccinated pigs shedding a low amount of viral genomic RNA in
its nasal cavity. No gross or microscopic lesions were observed in the lungs of the vaccinated pigs at
necropsy. Thus, the LNP-DNA vaccines are highly effective in protecting pigs against the homologous
IAV-S strain and can serve as a promising platform for the rapid development of IAV-S vaccines.
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1. Introduction

The Influenza A virus of swine (IAV-S) is an important respiratory pathogen that
causes significant economic losses to swine producers and poses a great concern to public
health due to its zoonotic potential [1]. Three major types of IAV-S, HIN1, HIN2, and H3N2,
are cocirculating in the swine population. The H1 subtype is further divided into three
major lineages (1A, 1B, and 1C) with numerous genetic clades within each H1 lineage [2].
Similarly, the H3 subtype is divided into multiple lineages [3]. The profound genetic and
antigenic diversity and the constant emergence of new variants pose a great challenge to
the development of a broadly protective vaccine against IAV-S.

Whole-inactivated virus (WIV) vaccines are commonly used to control IAV-S [4]. The
WIV vaccines contain multiple IAV-S strains from different subtypes to enhance antigenic
coverage. However, the WIV vaccines often fail to confer optimal levels of heterologous
protection due to the substantial genetic and antigenic variation among IAV-S isolates
circulating in the field [2,5,6]. One approach to improving vaccine efficacy is frequently
updating the vaccine immunogens to match the emergence of new viral strains. Due to the
cost and the time demand of the vaccine licensing process, WIV vaccines are not updated
in time to cope with the continual evolution of the viruses.
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Recently, the United States Department of Agriculture’s Center for Veterinary Biologics
(USDA-CVB) has issued two memoranda (Memorandum No. 800.213 and Memorandum
No. 800.214, both signed on 3 December 2018) that provide guidance for the licensing of
nonreplicating, nonviable biological veterinary vaccines. According to these memoranda,
once a nonreplicating, nonviable vaccine production platform has been established and
the initial product has been licensed, the licensure of new products containing sequence
variants of the same vaccine antigens can be expedited, providing that there are no changes
in the manufacturing process. These new regulations sparked interest in the development
of novel, nonreplicating, nonviable platforms for veterinary vaccine development.

The DNA plasmid is noninfectious, nonviable, and safe to use in animals. However,
the vaccination of animals with the naked DNA plasmid often results in poor immune
responses due to ineffective cellular uptake. Various methods have been developed, includ-
ing gene guns or in vivo electroporation, to improve DNA plasmid delivery in swine [7-13].
Recently, lipid nanoparticles (LNPs) have emerged as a promising nanocarrier for nucleic
acid-based vaccines, particularly after the success of the COVID-19 vaccine [14,15].

LNPs are versatile nanocarriers that have been utilized for the delivery of various
nucleic acids, including siRNA, microRNA, mRNA, and DNA [14]. These nanoparticles
protect the encapsulated nucleic acids from degradation and enable their attachment and
internalization into target cells, primarily through endocytosis. LNPs generally consist of
four types of lipids: a cationic lipid, a phospholipid, cholesterol, and a polyethylene glycol
(PEG)-conjugated lipid [16]. Saturated phospholipids, such as distearoylphosphatidyl-
choline (DSPC), have high melting temperatures; therefore, they are used to construct
highly stable liposomes and LNPs [17]. Cholesterol stabilizes lipid bilayers by filling in
gaps between phospholipids [17]. Furthermore, cholesterol has the potential to crystallize
on the surface of LNP, enhancing the endosomal escape of the nucleic acid cargo [18].
PEG lipids are used to enhance particle stability and prevent particle aggregation during
preparation and storage, as well as to improve the circulation half-life and distribution of
LNPs in vivo [16]. Cationic lipids are positively charged, allowing them to interact electro-
statically with the negatively charged phosphate backbone of nucleic acids and facilitate the
incorporation of nucleic acids into the nanoparticles [16]. There are two groups of cationic
lipids: permanently ionized cationic lipids and conditionally ionized (ionizable) cationic
lipids. The types and molar ratios of lipids used to formulate LNPs influence the uptake
and endosomal releases of the encapsulated nucleic acid cargo [19]. Research on LNP
formulations for siRNA delivery has revealed that LNPs containing permanently ionized
cationic lipids are more efficient for cellular uptake, while LNPs containing conditionally
ionized cationic lipids are better for endosomal release. As a result, LNP-siRNA formulated
by using a combination of permanently and conditionally ionized cationic lipids exhibits
significantly improved gene silencing efficacy compared to LNP-siRNA based on a single
type of cationic lipid [19].

In this study, we used a DNA plasmid encoding the hemagglutinin (HA) antigen
of an IAV-S H3N2 strain as a model antigen to assess the effectiveness of two different
LNP formulations, each with a unique combination of permanently and conditionally
ionized cationic lipids. We demonstrated that a single-dose intramuscular administration
of the LNP-DNA vaccine induced high titers of antibodies against the H3 antigen within
7-14 days post-vaccination. Furthermore, pigs vaccinated with the LNP-DNA vaccine were
completely protected against challenge infection with the homologous H3N2 strains. These
findings suggest that LNP-DNA can serve as an effective platform for the development of
TAV-S vaccines.

2. Materials and Methods
2.1. Cells, Viruses, and Lipids

HEK-293T (ATCC CRL-3216) cells were used for the evaluation of transfection effi-
ciency. Madin-Darby Canine Kidney (MDCK) cells (ATCC® CCL-34) were used for the
propagation and titration of IAV-S. The IAV-S A/swine/Texas/4199-2/1998 (H3N2 TX98)
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was obtained from the National Veterinary Services Laboratories (NVSL, Ames, IA, USA).
The virus was propagated and titrated in MDCK cells.

The lipids used in this study included DLin-MC3-DMA (MC3) (Nanosoft Polymer,
Winston-Salem, NC, USA), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) (Cayman
Chemical, Ann Arbor, MI, USA), cholesterol (Sigma Aldrich, St. Louis, MO, USA), dis-
tearoylphosphatidylcholine (DSPC), and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene
glycol-2000 (DMG-PEG2000) (Avanti Polar Lipids, Birmingham, AL, USA). The lipids were
separately dissolved in absolute ethanol.

2.2. DNA Plasmid Construction

The H3N2 TX98 HA gene coding sequence (GenBank accession no. AEK70342.1) was
codon-optimized for optimal expression in swine cells (Sus scrofa). A flag-epitope sequence
(DYKDDDDK) was fused in frame to the 3’ end of the gene to facilitate protein detection.
The gene fragment was chemically synthesized using a commercial DNA synthesis service
(GenScript, Piscataway, NJ, USA) and cloned into the pCI plasmid (Promega, Madison, WI,
USA). Large-scale DNA plasmid was amplified in Escherichia coli DH5c and purified by
using a plasmid giga prep kit (Zymo Research, Costa Mesa, CA, USA). DNA sequencing
was performed to confirm the plasmid sequence’s authenticity.

2.3. Preparation of LNPs

Two LNP-DNA formulations were prepared following a method described previously
with some modifications [20]. In Formula (1) (LNP1), specific volumes of MC3, DOTAP,
DSPC, cholesterol, and DMG-PEG2000 were mixed at a molar ratio of 35:5:10:48:2 to form a
final mixture with a total lipid concentration of 28 mM. In formula 2 (LNP2), MC3, DOTAP,
DSPC, cholesterol, and DMG-PEG2000 were mixed at a molar ratio of 42:10:8:38:2 to form a
final mixture with a total lipid concentration of 25 mM. DNA plasmid encoding the HA
antigen of H3N2 TX98 was diluted in 50 mM citrate buffer, pH 4.0, for LNP1 or in 25 mM
sodium acetate buffer, pH 4.0, for LNP2. The lipids (organic phase) and DNA solution
(aqueous phase) were mixed by using a mixer-4 chip and the NanoGenerator™ Flex-M
Nanoparticle Synthesis System (Precigenome, San Jose, CA, USA). The DNA and lipid
flow rates were set at 3:1 (v/v), and the total flow rate was set at 4 mL per minute. The
nitrogen-to-phosphate (N/P) ratio (mol/mol) was fixed at 4.5. The resulting products
were dialyzed against 100 mM Tris-Cl buffer at pH 7.4 (LNP1) or 100 mM Tris-Cl buffer
containing 10% sucrose at pH 7.4 (LNP2) using the Slide-A-Lyzer™ G2 dialysis cassettes
with the molecular weight cut-off of 10 kDa (Thermo Fisher Scientific, Carlsbad, CA, USA).
After dialysis, LNPs were passed through 0.45 um PES filters and the encapsulated DNA
plasmid concentration was adjusted to 100 pg/mL.

2.4. LNP Characterization

LNP sizes were measured by following the nanoparticle tracking analysis (NTA)
method by using the Flow NanoAnalyzer (NanoFCM, Tokyo, Japan). The polydispersity
index (PDI) and zeta potential (mV) were determined using the Malvern Zetasizer® (Nano
7S, Malvern Instrument, Worcestershire, UK). DNA plasmid encapsulation efficiency (EE%)
was quantified using a Quant-iT™ PicoGreen® dsDNA assay kit (Thermo Fisher Scientific)
as described previously [20].

2.5. Transfection Efficiency In Vitro

To assess the transfection efficiency of the LNP1 and LNP2 vaccines, 500 ng of encap-
sulated DNA was directly added to one well of the 24-well plate containing HEK-293T
cells. An equal amount of naked DNA plasmid was added to another well to serve as a
negative control while DNA plasmid mixed with PEI transfectant (PEI-DNA) was used as a
positive control. At 48 h post-transfection, the cells were washed with phosphate-buffered
saline (PBS), fixed with a mixture of methanol and acetone (1:1 v/v), and subjected to an
indirect immunofluorescence assay (IFA) using an anti-flag tag antibody and the Alexa
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Fluor™ 488 labeled goat anti-mouse IgG (H+L). The cell nucleus was stained with DAPI
(4',6'-diamidino-2-phenylindole). Fluorescence images were captured separately using a
green or blue filter and merged to create the final composite images.

2.6. Animal Experiment

Eighteen weaned pigs, approximately 4 weeks old and seronegative for porcine repro-
ductive and respiratory syndrome virus (PRRSV) and IAV-S, were obtained from Midwest
Swine Research and housed in the animal biosafety level 2 (ABSL2) research facility at
the University of Nebraska—Lincoln (UNL). The pigs were randomly assigned into three
groups of six pigs. Pigs in groups 1 and 2 were intramuscularly injected with the LNP1 or
LNP2 vaccines, respectively. Each dose of the LNP vaccine contained 500 pg of encapsu-
lated DNA. Group 3 was injected with PBS to serve as a non-vaccination control.

Whole-blood samples were collected from all pigs before and weekly after immuniza-
tion using vacuum tubes containing ethylenediaminetetraacetic acid (EDTA) anticoagulant.
The blood tubes were then centrifuged at 1200x g for 15 min, and the plasma was collected
and stored at —20 °C for the evaluation of humoral immune responses. The cells were
resuspended in PBS and peripheral blood mononuclear cells (PBMCs) were collected and
washed twice with PBS containing 2% FBS as described before [21]. The cells were then
suspended in a cell-freezing medium containing 50% RPMI, 40% FBS, and 10% DMSO and
then cryopreserved for the evaluation of T-cell responses.

On day 35 post-vaccination, all pigs were challenged using a combination of intra-
tracheal and intranasal inoculation of 2 x 10° TCIDs of the H3N2 TX98 virus diluted in
4 mL serum-free DMEM. To administer the challenge inoculation, the pigs were sedated via
intramuscular injection with telazol, ketamine, and xylazine. Two mL of the virus inoculum
were administered via an endotracheal tube inserted into the tracheal tract, and 1 mL of the
inoculum was administered into each nostril.

Nasal swabs were taken from all pigs daily post-challenge to measure viral shedding.
On day 5 post-challenge, the pigs were humanely euthanized with an overdose of sodium
pentobarbital. The lungs were removed, and bronchioalveolar lavage fluid (BALF) samples
were collected using 50 mL of cold PBS to measure viral load in the lungs. Gross lung lesion
was visually estimated and samples of the trachea (approximately 1 inch above the carina)
and left apical, middle, and caudal lung lobes were collected and fixed in 10% buffered
formalin for histopathologic examination.

2.7. Pathological Analysis

The evaluation of pathology parameters was conducted by a veterinary pathologist,
who serves as a coauthor but was intentionally kept blinded to the identity of the exper-
imental groups during the scoring process. For the evaluation of gross lung lesions, the
percentage of purple-red consolidation typical of IAV-S infection was visually estimated for
each lung lobe. The total percentage of lung surface affected was then calculated based on
the weighted proportions of each lobe to the total lung volume [22].

For the evaluation of microscopic lung lesions, sections of the apical, middle, and
caudal lung lobes were stained with hematoxylin and eosin (H&E) using routine procedures.
Each section was scored for six parameters, including peribronchiolar lymphocytic cuffing,
interstitial pneumonia, bronchial and bronchiolar epithelial cell changes, bronchiolitis,
edema, and epithelial exocytosis, following the scoring scale described previously [23]. The
average composite scores of the three lobes are reported.

Virus-infected cells were detected in lung and trachea sections using the RNA in situ
hybridization (ISH) assay as previously described [21]. The frequency of virus-infected cells
in airway epithelium and pulmonary parenchyma was estimated for each lung component
using a 5-point scale: 0—no signals, 1—minimal occasional signals, 2—mild scattered
signals, 3—moderate scattered signals, and 4—abundant signals.
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2.8. Immunological Assays

Antibody responses against IAV-S nucleoprotein (NP) were measured by using a
commercial blocking ELISA (IDEXX, Montpellier, France), following the manufacturer’s
recommendation. Results are expressed as a sample-to-negative control ratio (S/N ratio).
Samples with an S/N ratio below 0.6 were considered positive.

HA-specific IgG antibodies in plasma and HA-specific IgA and IgG in BALF samples
were measured using indirect ELISAs as described previously [24]. The plasma samples
were initially diluted at 1:100 in the sample dilution buffer, and a 10-fold serial dilution was
performed and tested. An arbitrary cutoff value equivalent to the mean plus five standard
deviations of the optical density (OD) values of samples from the non-immunized control
animals was calculated. End-point antibody titers were determined at the highest dilutions
that had OD values above the assay cutoff. Samples with undetectable antibodies at the
first dilution (1:100) were considered negative and assigned a titer of 1:10 for graphical
and statistical purposes. BALF samples were tested at a single dilution (1:5) and data are
presented as the ODygs5 values of the samples.

Hemagglutination inhibition (HI) assay and interferon-gamma (IFN-y) ELISpot were
performed as previously described [21].

2.9. Flow Cytometry

Cryopreserved PBMCs were thawed and seeded in a round-bottom 96-well culture
plate at the density of 1 million live cells in 100 uL of complete RPMI-1640 medium (cRPMI)
as described previously [25]. The cells were stimulated with the H3N2 TX98 virus at
an MOI of 2. A separate set of PBMCs were treated with a cocktail containing phorbol
12-myristate 13-acetate (PMA, 10 ng/mL) and ionomycin (1 pg/mL) to serve as a positive
control or with cRPMI only to serve as a negative control. At 12 h post-stimulation, 100 uL
of cRPMI containing 1 pg/mL of GolgiPlug (containing Brefeldin A, BD Biosciences, San
Jose, CA, USA) was added to the cells to block the intracellular transport process. At 18 h
post-stimulation, the cells were washed twice with PBS (pH 7.4). Live-dead staining was
performed using Zombie NIR™ dye (BioLegend, San Diego, CA, USA), and the Fc receptor
was blocked with an anti-Fc receptor antibody (BioLegend). The cells were stained with a
cocktail of antibodies against three surface makers: CD3¢, CD4«, and CD8w. After being
fixed and permeabilized with the Cytofix/Cytoperm solution (BD Biosciences), the cells
were stained with a cocktail of antibodies against three intracellular cytokines: IFN-y, TNE-
o, and perforin. After three washes with Perm/Wash butffer, the cells were resuspended in
300 pL of FACS buffer and analyzed by using the CytoFlex cytometer (Beckman Coulter,
Fremont, CA, USA). Approximately 100,000 events were acquired for each sample, and
data were analyzed using Flow]Jo software (BD Biosciences).

2.10. Quantification of Viral Load

RNA was extracted from nasal swabs and BALF samples using the Quick RNA Viral
Kit (Zymo Research, Costa Mesa, CA, USA) and the viral genomic copies were quantified
using a real-time reverse transcription PCR (RT-PCR) (VetMax-Gold SIV Detection Kit,
Life Technologies, Austin, TX, USA). A standard curve was established using a chemically
synthesized RNA fragment with known copy numbers, based on which absolute copy
numbers of viral RNA in each sample were estimated [21]. The viral loads were reported
as logjg copies per 100 pL of samples. Samples with a cycle threshold value above 38 were
considered negative and assigned a value of 0.8 logjg RNA copy per 100 uL, equivalent to
the assay limit of detection.

2.11. Statistical Analysis

The statistical analyses were performed using GraphPad Prism 9.0. The HI antibody
titers were logy-transformed and analyzed using the mixed-effects model. Univariate data,
including lung consolidation score, lung microscopic lesion score, area-under-the-curve of
the viral genome copies in nasal swabs, virus titers in BALF samples, and frequencies of
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T-cells expressing cytokines, were analyzed via analysis of variance (ANOVA), followed by
Tukey’s multiple comparison test.

3. Results
3.1. Generation and In Vitro Characterization of the Lipid Nanoparticle—DNA Vaccines

We conducted an initial screening of multiple LNP-DNA formulations and identified
two formulations that demonstrated transfection efficiency in HEK-293T cells. In LNP-
DNA formulation 1 (LNP1), MC3, DOTAP, DSPC, cholesterol, and DMG-PEG2000 were
mixed at a molar ratio of 35:5:10:48:2 (mol%), respectively, while in LNP-DNA formulation
2 (LNP2), MC3, DOTAP, DSPC, cholesterol, and DMG-PEG2000 were mixed at a molar
ratio of 42:10:8:38:2, respectively.

The average diameter of LNP1 was 81 nm, which was slightly larger than that of
LNP2 (76 nm) (Figure 1A). Both LNP1 and LNP2 formulations had a polydispersity index
below 0.1, indicating a monodispersity distribution (Figure 1B). The zeta potentials of LNP1
and LNP2 were found to be within the neutral range, with mean values of —1.25 mV and
+2.5 mV, respectively, in 100 mM Tris-Cl at pH 7.4 (Figure 1C). The mean encapsulation
efficiencies of LNP1 and LNP2 were 62% and 82%, respectively (Figure 1D). Overall, LNP1
and LNP2 had similar physical characteristics.
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Figure 1. Physical characterization of the LNP-DNA vaccines and in vitro transfection efficiency.
(A) Particle diameter determination via nanoparticle tracking analysis (NTA). (B) Polydispersity
index. (C) Zeta potential. (D) Encapsulation efficiency (EE%). (E) Transfection efficiency in HEK-293T
cells. Scale bar = 200 um.

To evaluate the transfection efficiency, 0.5 ug of encapsulated LNP1 or LNP2 vaccine
was added directly into the medium of HEK-293T cells in a 24-well plate. Naked DNA plas-
mid was used as a negative control, while DNA plasmid complexed with polyethyleneimine
(PEI-DNA) was used as a positive control. At 48 h post-transfection, the cells were fixed
and stained with an anti-flag tag antibody to detect HA-expressing cells. As expected, no
fluorescent positive cells were detected from cells transfected with naked DNA plasmid,
while approximately 90% positive cells were detected from cells treated with PEI-DNA
(Figure 1E). The number of positive cells in LNP2-treated wells was slightly lower than
in PEI-DNA-transfected wells but was significantly greater than in LNP1-treated wells
(Figure 1E). Thus, LNP2 had better in vitro transfection efficiency than LNP1.
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3.2. Pigs Vaccinated with LNP-DNA Vaccines Elicited Systemic and Mucosal Antibody Responses

A vaccination/challenge experiment was conducted in 4-week-old pigs to assess the
immunogenicity and protective efficacy of the LNP1 and LNP2 vaccines. We first measured
HA-specific IgG in plasma samples using an indirect ELISA. As expected, anti-HA IgG
antibodies were not detected in the PBS control group at any sampling dates (Figure 2A).
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Figure 2. Systemic and mucosal antibody responses following vaccination. (A) Anti-HA IgG titers
in plasma samples collected on various days post-vaccination. Data are expressed as the logig
of the reciprocal of the highest plasma dilution at which anti-HA antibodies were observed. The
samples were initially diluted at 1:100 and samples with undetectable antibodies at this dilution were
considered negative and assigned a value of 1 logjg. (B) Hemagglutinin inhibition (HI) antibody
titers measured against the H3N2 TX98 virus. Data are expressed as the reciprocal of the highest
plasma dilution at which HI was observed. The samples were initially diluted at 1:10, and samples
with undetectable HI activity at this dilution were considered negative and assigned a value of
5. (C) Anti-NP antibody levels were measured using a commercial ELISA kit. Data are presented
as the sample-to-negative (S/N) ratio. The horizontal dotted line at S/N of 0.6 is the assay cutoff.
Samples with S/N greater than 0.6 were considered negative. (D) HA-specific IgA and IgG in BALF
collected at necropsy. Data are presented as optical density values at 405 nm. * p < 0.05, *** p < 0.001,
# p < 0.0001.

On the other hand, anti-HA IgG antibodies were detected in both LNP1- and LNP2-
vaccinated pigs on day 7 post-vaccination, and the antibody titers sharply increased,
reaching the titers of 1:10° on day 14 post-vaccination, and maintained a similar titer
until the end of the 35-day observation period. There were no significant differences in
the kinetics and magnitude of anti-HA IgG antibody responses between the LNP1 and
LNP2 groups.

Next, we measure plasma HI antibody titers against the homologous H3N2 TX98
virus. Plasma HI antibodies were initially detected on day 7 post-vaccination and gradually
increased, reaching mean titers above 1:640 by day 35 post-vaccination (Figure 2B). No
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significant difference in HI titers was observed between the LNP1 and LNP2 groups. The
PBS control group showed a low background HI titer (1:10), potentially due to nonspe-
cific inhibition.

We also measured antibodies against the IAV-S nucleoprotein (NP) using a commer-
cially available ELISA kit commonly used for serodiagnosis. All plasma samples collected
before and on day 35 post-vaccination showed negative interpretations for the NP antibod-
ies (Figure 2C). The results demonstrate that the pigs were not exposed to IAV-S and that
the anti-HA IgG or HI antibodies detected in the plasma of pigs in the LNP1 and LNP2
groups can be attributed solely to the vaccination.

To assess the mucosal antibody response elicited by the LNP-DNA vaccines, we
measured HA-specific IgA and IgG antibodies in BALF samples collected at necropsy
using an indirect ELISA. Both HA-specific IgG and IgA antibodies were detected in BALF
samples collected from LNP1-vaccinated pigs, while only HA-specific IgG antibodies were
detected in BALF samples of the LNP2-vaccinated pigs (Figure 2D). Collectively, the data
demonstrate that both LNP1 and LNP2 vaccines elicited robust systemic and mucosal
antibody responses in the vaccinated animals. However, the LNP1 vaccine appeared to
induce a better mucosal IgA antibody response than the LNP2 vaccine.

3.3. Pigs Vaccinated with LNP-DNA Vaccines Elicited Strong T-Cell Responses

The frequencies of IFN-y-secreting cells in PBMCs were evaluated using the IFN-y
ELISPOT assay. No IFN-y spots were detected in PBMCs collected before vaccination or in
PBMCs collected from the PBS group on day 35 postvaccination (Figure 3). The number of
IFN-y spots in PBMCs collected from the LNP1 or LNP2 groups on day 35 postvaccination
ranged between 50 and 350 spots per 10° PBMCs, with no significant difference observed
between these two groups.
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= v
@ 300 .
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= &
< 200
& 150 —
+ 100
3 100 e ¥
L 50— * v
0_~w, .................................
-50 T .
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¢ LNP1 ¥ LNP2

Figure 3. Virus-specific [IEN-y-secreting cell responses following vaccination. Data are expressed as
the IFN-y-secreting cells (IFN-y-SC) per 10® PBMC cells. Data were analyzed via one-way ANOVA,
followed by Tukey’s multiple comparisons test. *** p < 0.001.

To further investigate the characteristics of the T-cell responses, multicolor flow cy-
tometry was utilized to analyze various T-cell populations in the PBMCs, including CD4*,
CD8", and CD4*CD8" double-positive, for their expression of the three important T-cell cy-
tokines: IFN-y, TNF-«, and perforin. Overall, cells expressing IFN-y were mainly observed
in CD4" and CD8", but not in CD4*CD8" T-cell populations (Figure 4A-C). On the other
hand, cells expressing TNF-« and perforin were only detected in CD8* and CD4*CD8*,
but not in the CD4" T-cell population (Figure 4D-F). When compared to the PBS group,
significantly higher frequencies of IFN-y-expressing cells were observed in both CD4* and
CD8* T-cells of the LNP1 group, as well as in CD4* T-cells of the LNP2 group (Figure 4A,B).
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Figure 4. Characterization of the T-cell responses. PBMCs were stimulated with the H3N2 TX98 virus
at an MOI of 2. The cells were then stained with antibodies against surface markers (CD3¢, CD4«,
and CD8«), followed by staining with antibodies against three intracellular cytokines (IFN-y, TNF-«,
and perforin). (A-C) Frequency of cells expressing IFN-o. (D-F) Frequency of cells expressing TNF-c.
(G-I) Frequency of cells expressing perforin (Per). Data were analyzed via the Kruskal-Wallis test,
followed by Dunn’s multiple comparisons test. * p < 0.05,** p < 0.01.

Both CD8* and CD4*CD8* T-cells of the LNP1 and LNP2 groups displayed a higher
frequency of TNF-x-expressing cells than the corresponding cell populations of the PBS
group (Figure 4EF). Regarding perforin expression, only the CD8* and CD4*CD8* T-
cell populations of the LNP1 group exhibited a greater frequency of perforin-expressing
cells than the PBS group (Figure 4H,I). When comparing the LNP1 and LNP2 groups,
statistically significant differences were only observed in the population of CD4*CD8*
T-cells expressing TNF-a and perforin (Figure 4E]).
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3.4. Pigs Vaccinated with LNP-DNA Vaccines Were Protected against Challenge Infection with the
Homologous Influenza Strain

On day 35 post-vaccination, all pigs were challenged with an intranasal/intratracheal
inoculation with the homologous IAV-S strain H3N2 TX98. Daily observations and rectal
temperature measurements were recorded. None of the pigs, including those in the PBS
group, exhibited fevers or noticeable clinical signs. It is important to note that the pigs were
challenged with the H3N2 virus when they were approximately 10 weeks old. At this age,
the pigs are more resilient to influenza infection than nursery pigs. Additionally, they were
housed in experimental conditions where they had no exposure to the other pathogens
typically encountered by pigs in commercial farm settings. Thus, the absence of clinical
signs after challenge infection was expected.

Daily nasal swabs were collected to measure viral shedding. Viral RNA was not de-
tected in any samples collected before the challenge infection (Figure 5A). In the PBS group,
viral RNA was detected from all samples starting from day 1 post-challenge, reached a max-
imal titer of 108 copies/100 uL on day 3 post-challenge, and declined to 10° copies/100 pL
on day 5 post-challenge. In the LNP1 group, only one pig had a low copy number of
viral RNA in samples collected on days 3 and 4 post-challenge. None of the pigs in the
LNP2 group had detectable levels of viral RNA at any sampling date (Figure 5A). The
area-under-the-curve (AUC) of the nasal viral shedding was calculated for individual pigs
during the course of five days post-challenge. The AUC of the LNP1 and LNP2 groups was
significantly lower than that of the PBS group (Figure 5B).
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Figure 5. Viral shedding after challenge infection with H3N2 TX98. (A) Viral RNA in nasal swabs as
determined via RT-PCR. Data are presented as logyg viral RNA copies per 100 uL sample. (B) Area
under the curve of the nasal viral loads in each pig during the five days post-challenge infection with
H3N2 TX98. (C) Viral RNA in bronchoalveolar lavage fluid (BALF) collected on day 5 post-challenge
infection. **** p < 0.0001.

On day 5 post-challenge, the pigs were humanely euthanized and necropsied. BALF
samples were collected to evaluate viral loads within the lungs. High copy numbers of
viral RNA, ranging from 10° to 10® copies/100 uL sample, were detected in all pigs from
the PBS group. In contrast, viral RNA was not detected in pigs from the LNP1 or LNP2
groups (Figure 5C).

At necropsy, gross lung lesion was scored by a board-certified pathologist blinded to
the experimental design. The lungs of pigs in the PBS group presented with purple-red
consolidation typical of IAV-S infection, with the percentage of total lung surface consolida-
tion ranging from 0.4% to 4.58% (Figure 6A). The consolidation was more prominent on
the apical and middle lobes (Figure 6A). In contrast, only one pig in the LNP2 group had
lung consolidation (2.49%), while none of the pigs from the LNP1 group had visible lung
consolidation. The percentage of lung consolidation was not statistically different between
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the LNP1 and LNP2 groups, and both groups had significantly lower lung consolidation
than the PBS group (Figure 6A).
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Figure 6. Lung pathology and presence of virus-infected cells in tissue samples. (A) Representative
photos of lungs taken during necropsy. Black arrows indicate areas of the lungs with typical consoli-
dation caused by IAV-S. The graph indicates the percentage of lung consolidation calculated based
on the weighted proportions of each lobe to the total lung volume. (B) Representative images (10x)
of lung sections stained with H&E and the composite microscopic lesion scores. (C) Representative
images (5x) of lung sections stained with ISH to detect viral NP mRNA transcript and the composite
ISH scores. (D) Representative images (5x) of tracheal sections stained with ISH to detect viral
NP mRNA transcript and the composite ISH scores. Scale bar = 100 pum. * p < 0.05, ** p < 0.01,
wex p < 0.0001.

Sections of three lung lobes (apical, middle, and caudal) from each pig were stained
with H&E to evaluate microscopic changes. Lung sections from pigs in the PBS group
exhibited variable but typically moderate peribronchiolar lymphocytic cuffing with inter-
stitial pneumonia, necrosis, and attenuation of epithelial cells in bronchioles and areas of
suppurative bronchiolitis. The multifocal interstitial pneumonia and consolidation were
characterized by the infiltration of macrophages, lymphocytes, and neutrophils in the
alveolar septae, sometimes spilling into the alveolar lumens (Figure 6B). Conversely, lung
sections of pigs from the LNP1 and LNP2 groups showed only mild interstitial pneumonia
and peribronchial lymphocytic infiltration. The composite microscopic scores of pigs from



Vaccines 2023, 11, 1596

12 0f 15

the LNP1 and LNP2 groups were statistically similar and significantly lower than those of
the PBS group (Figure 6B).

The in situ hybridization (ISH) assay was used to detect virus-infected cells in the
trachea and the middle lung lobe. Numerous virus-infected cells were detected in the
tracheal, bronchial, and bronchiolar epithelium of pigs from the PBS group (Figure 6C,D).
On the other hand, virus-infected cells were rarely detected in either tracheal or lung
sections of pigs from the LNP1 and LNP2 groups (Figure 6C,D).

Collectively, the data clearly indicate that vaccination with either the LNP1 or LNP2
vaccine fully protected pigs against challenge infection with the homologous IAV-S strain.

4. Discussion

There are several publications describing the immunogenicity and protective efficacy
of DNA vaccines encoding the HA antigen in pigs. In several studies, naked DNA plas-
mids were administered intramuscularly or intradermally using a needle-free intradermal
applicator [7-10]. In some instances, the DNA plasmids were adsorbed onto the surface
of gold microparticles for delivery into the pig’s epidermis using a gene gun [11,12]. Elec-
troporation has also been explored to enhance the DNA plasmid uptake [9]. Additionally,
the coding sequence of the vaccine immunogens was fused in-frame into flagellin or coad-
ministered with a DNA plasmid-expressing porcine interleukin 6 (pIL6) to enhance the
immunogenicity of the DNA vaccines [12,13]. Up to 4 mg of DNA plasmid have been
administered to pigs [10]. Most of the time, HI antibody titers were not detected in DNA-
vaccinated pigs after one immunization. Moreover, pigs vaccinated with the DNA vaccines
were not protected from being infected with IAV-S after challenge infection, although they
may have had shorter durations and lower magnitudes of virus shedding in their nasal
cavity. It was reported in one study that viral RNA was not detected in the nasal swabs
collected from pigs vaccinated with the DNA vaccine [7]. However, in that study, viral RNA
was not detected in nasal swabs collected from three out of five control pigs challenged
with the IAV-S strain.

In this study, we assessed the effectiveness of two different LNP formulations as
nanocarriers for delivering the DNA plasmid encoding the HA antigen of H3N2 TX98
in pigs. These two LNP formulations differed mainly in the molar ratios of permanently
ionized cationic (DOTAP) and conditionally ionized cationic (MC3) lipids. Specifically,
the LNP1 had a molar ratio of MC3 to DOTAP of 35:5 (mol%), and these two cationic
lipids made up 40% (mol%) of the total lipid component. On the other hand, the LNP2
had a molar ratio of MC3 to DOTAP of 42:10 (mol%), making up 52% of the total lipid
components. Accordingly, the molar ratios of two helper lipids, DSPC and cholesterol,
were adjusted to accommodate the difference in the percentage of cationic lipids used
in the LNP1 and LNP2. Despite the differences in ratios of the lipid components, the
physical characteristics of these two LNP products were very similar. However, LNP2
had significantly greater in vitro transfection efficiency than LNP1. Interestingly, when
administered intramuscularly to pigs, the LNP1 and LNP2 vaccines elicited similar kinetics
and magnitude to antibody and IFN-y ELISPOT responses. Notably, pigs vaccinated
with a single dose of either the LNP1 or LNP2 vaccine mounted high HI antibody titers
on day 14 postvaccination and were fully protected against challenge infection with the
homologous IAV-S strain, with only one 1 of 12 vaccinated pigs exhibiting a low copy
number of viral RNA, ranging from 10> to 10° copies/100 uL of nasal swabs, detected on
days 3 and 4 post-challenge, respectively. Our results demonstrate that the two LNP-DNA
vaccines tested in this study induced complete protective immunity in pigs. The close
similarity in the protective efficacy of the LNP1 or LNP2 vaccines suggests that, under
the conditions of this study, in vitro transfection efficiency does not correlate with the
protective potency of LNP vaccines in pigs.

We utilized multicolor flow cytometry to analyze various T-cell populations in PBMCs,
including CD4*, CD8*, and CD4"CD8" cells, for their expression of three cytokines: IFN-y,
TNF-«, and perforin. IFN-y is commonly used as a marker of T-cell responses in pigs, and
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TNF-o can augment the killing capacity of IFN-y [26]. Perforin is a marker of cytotoxic
T-cells. Antigen-specific T-cells coproducing IFN-y and TNF-« have been shown to be
crucial for vaccine-induced protection against intracellular pathogens [27]. Although we
simultaneously stained the cells with antibodies against the three cytokines in this study,
we did not detect a significant frequency of cells simultaneously expressing two or three
cytokines because the frequencies of cells expressing each cytokine were relatively low.
Overall, the results showed that pigs vaccinated with LNP1 exhibited statistically higher
frequencies of cells expressing IFN-y, TNF-o, and perforin than those in the PBS group.
On the other hand, pigs vaccinated with LNP2 showed no significant difference in the
frequencies of cells expressing these cytokines except for CD4* T-cells expressing IFN-y and
CD8* T-cells expressing TNF-«, which were significantly higher than the corresponding
cell populations in the PBS group. Although pigs in the LNP1 and LNP2 groups exhibited
similar numbers of IFN-y-secreting cells, as measured via the ELISpot assay, pigs in the
LNP1 group had higher frequencies of CD4*CD8* T-cells secreting TNF-« and perforin than
those vaccinated with the LNP2 vaccine. Thus, the LNP1 vaccine may elicit a different T-cell
response compared to the LNP2 vaccine, but it remains unclear how much such a difference
in the T-cell response contributes to the protection of pigs against challenge infection.

5. Conclusions

In this study, we report the development of two LNP-DNA vaccine formulations that
elicit a robust antibody and T-cell response and completely protect pigs against challenge
infection with the homologous IAV-S strain. Additional studies are being conducted to
determine the minimal dose of LNP-DNA vaccine required to induce protection and the
duration of the protective immunity.

6. Patents

The results of this study have been included in a patent application entitled “Methods
and Compositions for Vaccine Development and Delivery”.
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