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Abstract

With the continuation of the coronavirus disease 2019 pandemic and the emergence
of new severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) variants, the
control of the spread of the virus remains urgent. Various animals, including cats,
ferrets, hamsters, nonhuman primates, minks, tree shrews, fruit bats, and rabbits, are
susceptible to SARS-CoV-2 infection naturally or experimentally. Therefore, to avoid
animals from becoming mixing vessels of the virus, vaccination of animals should be
considered. In the present study, we report the establishment of an efficient and
stable system using Newcastle disease virus (NDV) as a vector to express SARS-
CoV-2 spike protein/subunit for the rapid generation of vaccines against SARS-CoV-
2 in animals. Our data showed that the S and S1 protein was sufficiently expressed in
rNDV-S and rNDV-S1-infected cells, respectively. The S protein was incorporated
into and displayed on the surface of rNDV-S viral particles. Intramuscular
immunization with rNDV-S was found to induce the highest level of binding and
neutralizing antibodies, as well as strong S-specific T-cell response in mice. Intranasal
immunization with rNDV-S1 provoked a robust T-cell response but barely any
detectable antibodies. Overall, the NDV-vectored vaccine candidates were able to
induce profound humoral and cellular immunity, which will provide a good system

for developing vaccines targeting both T-cell and antibody responses.
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1 | INTRODUCTION

The transmission of viruses between different species has caused great
loss to public health and the global economy in the past several decades.
According to data from the United States Agency for International
Development, nearly 75% of emerging or re-emerging infectious diseases
in the last century have originated from animals, such as human
immunodeficiency virus, Ebola virus, H5N1 avian influenza virus, and
HIN1 swine influenza virus®; All pathogenic human coronaviruses
(hCoVs) have originated from animals.>™* Since the coronavirus disease
2019 (COVID-19) pandemic, scientists have considered the impact of the
virus on pets, livestock, and wild animals. The causative agent of COVID-
19 is severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a
positive-strand RNA virus, containing an unusually large genome (29.8 kb)
that encodes four structural proteins: the membrane (M), envelope (E),
spike (S), and nucleocapsid phosphoprotein (N), and 16 nonstructural
proteins (nsp1-16).° Recent studies have shown that various animals can
be infected with SARS-CoV-2. Animals infected under experimental
conditions include cats, ferrets, hamsters, nonhuman primates, minks, tree
shrews, fruit bats, and rabbits, indicating that these species are
susceptible to SARS-CoV-2 infection.® Many natural infections
have occurred in animals. SARS-CoV-2 RNA has been detected in dogs
in the United States and Hong Kong.”® Some studies have demonstrated
that SARS-CoV-2 infection in dogs and cats was detected in households
with SARS-CoV-2-infected human(s), which suggests that the transmis-
sion may have occurred from humans to pets.’~* In addition, SARS-CoV-
2 has been detected in tigers and lions in a zoo in New York.}?*® SARS-
COV-2 antibodies have been detected in the sera of cats and dogs.**"%¢
Mink farms in the Netherlands have reported human-to-mink and mink-
to-human transmission, which poses a high risk of cross-species
transmission of SARS-CoV-2.2¢ Besides, there is growing evidence that
SARS-CoV-2 could be transmitted by direct contact, droplet spread and
aerosols, therefore, more caution should be paid to the mitigation of
SARS-CoV-2 among animals and the countermeasures against it.!”

The discussion on wildlife infection may lead to disputes regarding
evacuation. Pet infection may lead to animal-to-animal or animal-to-
human transmission, increasing the possibility of cross-species transmis-
sion of the virus and virus mutations. Although the intermediate host of
SARS-CoV-2 is still unclear, it was believed to have evolved in bats and
then spread to certain other animals, including human beings.*®
Furthermore, based on the rapid mutations of the virus, once a certain
animal becomes a mixing vessel, the resulting infection may become
uncontrollable and unpredictable. In view of the prolonged COVID-19
pandemic, the range of susceptible animals may continue to expand,
coupled with the fact that animals themselves can be infected with
specific coronaviruses, which increases the possibility of animals serving
as mixing vessels to promote viral mutation. Globally, apart from clinical
trials on COVID-19 vaccines for minks and cats in Russia, research and
development on SARS-CoV-2 vaccines for animals is rare. There is an
urgent need to develop vaccine candidates for animals, as they are also
susceptible in a considerable proportion. Therefore, to prevent animals
from becoming mixing vessels for the virus, it is important to develop

animal-oriented vaccines against SARS-CoV-2.

Newcastle disease virus (NDV) is a fast-replicating virus prevalent
in all avian species. It causes severe contagious disease in chickens and
is a natural host range-restricted virus in other species, in which NDV
infection does not cause any disease symptoms.*” NDV strains vary
widely in virulence. Naturally occurring low-virulence NDV strains,
such as LaSota and B1, are widely used as live attenuated vaccines in
the poultry industry and other animal vaccines; thus, they represent
ideal vector candidates for the development of animal vaccines against
SARS-CoV-2.Y7 In the present study, we aimed to develop universal
COVID-19 vaccines for animals, including livestock, pets, and wild
animals, by using the NDV vector to avoid potential competition for
human vaccine resources and to prevent animals from becoming virus-

mixing vessels.

2 | MATERIALS AND METHODS

2.1 | Gene segment selection and recombinant
plasmid construction

Receptor-binding domain (RBD) is an important immunogen that
induces the production of neutralizing antibodies. The S protein
contains a large number of B-cell and T-cell epitopes; thus, 3819
nucleotides of the S gene segment, encoding a full-length of SARS-
CoV-2 S (1273 aa), consisting of a signal peptide (amino acids 1-13)
located at the N-terminus, the S1 subunit (14-685 residues), and the
S2 subunit (686-1273 residues) was selected. The S1 subunit
contains an N-terminal domain (14-305 residues) and an
RBD (319-541 residues); and the S2 subunit consists of the fusion
peptide (FP) (788-806 residues), heptapeptide repeat sequence 1
(HR1) (912-984 residues), HR2 (1163-1213 residues), TM domain
(1213-1237 residues), and cytoplasm domain (1237-1273 residues)
comprise the $2 subunit (Figure 1B).2° S1 contains the RBD domain,
maybe a smaller gene unit that confers full immunogenicity, thus was
constructed for comparison. NDV, as a vaccine vector, often uses the
independent transcription unit (ITU) to introduce exogenous genes.
The exogenous gene consists of a gene start (GS), Kozak sequence,
exogenous gene ORF, and gene end (GE) components. Using primers
containing GS and GE sequences, the sequence of S protein gene
codons optimized for SARS-CoV-2 (GenBank: MN908947.3) from
pCDNA3.1-SARS-CoV-2-S (Synbio Tech) was amplified, and inserted
into the pNDV-LaSota plasmid containing the LaSota full-length
reverse genome sequence via in-fusion cloning method, and pNDV-S
and pNDV-S1 were constructed. These gene fragments, S and S1,
designed using different primers and expressed by ITU, were inserted
between the P and M genes in the NDV genome, respectively
(Figure 1A,B).

2.2 | Rescue of the recombinant viruses

The recombinant viruses were rescued via cotransfection of
recombinant plasmids pNDV-S and pNDV-S1 expressing the
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FIGURE 1 Construction and expression validation of rNDV-S and rNDV-S1. (A) The insertion site of the S gene into the whole genome of
NDV. (B) Selection of full-length S and S1 subunit for construction. (C) Western blot analysis of RBD expression in DF-1 cells infected with NDV
control (WT), rNDV-S (NDV-S), or rNDV-S1 (NDV-S1) with a multiplicity of infection of 0.1 for 24, 48, and 72 h. The expression of the HN
protein was evaluated as an internal control. The corresponding protein ladder adjacent to the target band was (were) labeled with a red triangle
(s) on the left. HN, hemagglutinin-neuraminidase, internal control; NC, negative control; NDV, Newcastle disease virus; RBD, ribosome-binding
domain; S, spike; WT, wild type, the NDV control; B-actin loading control. SO: the uncleaved form of S full-length protein. (D)
Immunofluorescence staining of RBD in virus-bound Vero 81 cells. Vero 81 cells were incubated with rNDV-S and rNDV-S1 at 4°C for 2 h. The
fixed cells were permeabilized or not (un-permeabilized) with 0.1% Triton. Immunofluorescence staining was performed to detect viral RBD
(green) and cell nuclei were counterstained (blue). (E) Western blot analysis of RBD expression in purified virions. HN protein was evaluated as

an internal control.

exogenous gene S/S1 and helper plasmids expressing NDV NP, P,
and L proteins into MVA/T7 virus-infected Baby hamster kidney
BHK-21 (CCL-10; ATCC) cells.?! By infecting cells with MVA/T7 to
provide T7 polymerases, three helper plasmids encoding NP, P, and L
proteins under the control of T7 promoters were maintained to help
cells produce infectious rNDVs. After 72 h from transfection, the cells
were freeze-thawed twice and harvested. The rescued viruses were
amplified by inoculating 300 pl of the transfected cell lysate into the
allantoic cavity of 10-day-old SPF chicken embryos and incubating
the embryos for 4 days, then the allantoic fluid (AF) was harvested
and the rescued virus was detected by hemagglutination (HA)
assay.?? HA-positive AF was filtered through a 0.22 pm Nalgene
Syringe Filter and amplified in chicken embryos two more times, and
the purified recombinant viruses were harvested and named rNDV-S
and rNDV-S1.

2.3 | Western blot (WB) analysis

The expression of S (RBD) proteins was confirmed via WB analysis.
The DF-1 cells (CRL-12203; ATCC), chicken embryo fibroblast cell

line, were infected with the recombinant viruses rNDV-S and rNDV-
S1 at the indicated time points. Cells were lysed and the protein
concentration was measured using a BCA kit (Thermo Scientific™).
Fifteen micrograms of total protein were loaded and separated using
a 10% polyacrylamide gel. After trans-blotting, the membrane was
incubated with an in-house-developed monoclonal antibody, 4D11,
for 1h and then with a horseradish peroxidase-conjugated goat
antimouse immunoglobulin G (IgG) for 1 h. The blot was visualized
using an enhanced chemiluminescence kit (Thermo Fisher Scientific).

24 | Characterization of the recombinant viruses
To evaluate the biological properties of the recombinant virus rNDV-
S and rNDV-S1, the pathogenicity of the recombinant viruses was
examined by conducting mean death time (MDT) in 9-day-old SPF
chicken embryos and intracerebral pathogenicity index (ICPI) in 1-
day-old chickens and the virus titration was measured by the
standard haemagglutinating activity (HA) test in a 96-well microplate,
and the 50% egg infective dose (EIDsp) assay in 9-day-old SPF
chicken embryos according to standard procedures.??
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2.5 | Virus attachment and immunofluorescence
(IF) staining

Vero 81 cells (CCL81.4; ATCC) were inoculated with rNDV-S and
rNDV-S1 at a multiplicity of infection of 20 and incubated at 4°C for
1 h. The cells were fixed with 4% paraformaldehyde (PF), followed by
permeabilization using 0.1% Triton X-100. The cells were incubated
with mouse anti-RBD antibody (4D11) at 37°C for 1 h, followed by
incubation for 1h with AF488-conjugated goat anti-mouse I1gG
secondary antibodies. The expression of RBD was analyzed and
images were taken under an inverted fluorescence microscope
(Nikon Eclipse TI-U).

2.6 | Virus purification and WB analysis

RBD expression on viral particles was further characterized using WB
and purified virions. The viral suspension was propagated in Vero 81
cells. After 24 h of infection, the culture medium was collected and
clarified via centrifugation at 3200g for 20 min. After filtration using a
0.22 um filter, the virus suspension was loaded onto a discontinuous
gradient consisting of 10%, 15%, 20%, and 25% iodixanol diluted
from OptiPrep™ Density Gradient Medium (Sigma-Aldrich). After
ultra-centrifugation at 100 000g for 2 h, the opalescent band was
collected, the virions were lysed in radioimmunoprecipitation acid
(RIPA) buffer, and WB analysis was performed using mouse anti-RBD

(4D11) monoclonal antibodies.

2.7 | Detection of anti-RBD IgG production via
enzyme-linked immunosorbent assay (ELISA)

C57/BL6 mice were immunized twice at a 2-week interval using
recombinant viruses rNDV-S and rNDV-S1. Fourteen days post the
prime and 8 days post-boost immunization, blood was drawn from
the tail veins of the mice, and serum was collected. The production of
IgG against RBD in the mouse serum was detected using a
commercial RBD assay kit (Darui). All animal procedures were
approved by the Ethics Commission of the First Affiliated Hospital
of Guangzhou Medical University (No. 2021-011).

2.8 | Angiotensin-converting enzyme-2 (ACE2)
RBD competition assay

Microtiter plates in 96-well were coated overnight with 100 pl of
purified RBD recombinant protein (1pug/ml) (YP_009724390.1,
SinoBiological, Cat# 40592-V31H) in phosphate-buffered saline
(PBS) pH 7.4 at 4°C, followed by blocking with PBS containing 3%
(wt/vol) bovine serum albumin) at 37°C for 2 h. Mice sera were 1:10
with dilution buffer. Biotinylated human ACE2 (hACE2-biotin) was
diluted to 0.1 pg/ml. Diluted serum was mixed with hACE2-biotin in
an assay buffer at a 1:1 volume ratio. These sample series were

transferred to the RBD-coated microtiter plate and incubated for 1 h
at room temperature. Duplicated wells were performed for each
sample. Finally, the wells were incubated with streptavidin conju-
gated with horseradish peroxidase (Invitrogen, Cat# S911) for 1 h at
room temperature. Chemiluminescent development was performed
with SuperSignal™ ELISA Pico substrate solution (Thermo Scientific,
Cat# 37069) for 10 min at room temperature. Chemiluminescence
was measured at 425 nm using a chemiluminescence reader (Biotek,
Synergy Neo2). The relative light units (RLUs) of each sample were
divided by the mean of the ACE2 normalization control. The
normalized values were converted into percent and subtracted from
100 resulting in the percentage of inhibition. The inhibition rate
>25% was determined as a positive read for neutralizing antibody

(nAb) by using positive and negative controls (Data not shown).

2.9 | Focus reduction neutralization test (FRNT)
Fifty microliters of serum samples were fourfold serially diluted,
starting from fivefold dilution, and were then mixed with 50 ul of
SARS-CoV-2 containing 100 focus-forming units for 1 h at 37°C. Mix-
tures were transferred to 96-well plates, previously seeded with Vero
E6 cells (C1008, ECACC, China), and incubated at 37°C for 1h.
Inoculums were then removed, and 100ul of overlay (MEM
containing 1.2% carboxymethylcellulose) was added. After 24 h, the
overlay was removed and the cells were fixed with 4% PF solution for
30 min, followed by permeabilization with 0.1% Triton X-100 in PBS.
The cells were then incubated with rabbit anti-SARS-CoV-N IgG (Sino
Biological, Cat# 40143-R001) for 1 h and then HRP-conjugated goat
antirabbit IgG (H + L) antibody (Jackson ImmunoResearch, Cat# 111-
035-144) for 1h. Finally, the reactions were developed with KPL
TrueBlue Peroxidase substrates (Seracare Life Sciences Inc.). The
numbers of SARS-CoV-2 foci were calculated using an EliSpot reader
(Cellular Technology Ltd.). FRNTso, expressed by ICsq of virus
neutralization was calculated using the 4-parameter logistic model.

2.10 | Detection of neutralizing antibodies with
pseudovirus-based assays

Neutralizing antibodies were measured by reduction of luciferase
gene expression assays, as described previously.?® Briefly, the mice
sera, starting from fivefold dilution, were threefold-serially diluted
and incubated with an equal volume of pseudovirus for 1h.
Afterward, freshly trypsinized Huh-7 cells (0403, Japanese Collection
of Research Bioresources [JCRB]) were added to each well. Following
24 h of incubation at 37°C, the luminescence was measured. The
50% inhibitory dilution (IDso) was defined as the serum dilution at
which the RLUs were reduced by 50% compared with the virus
control wells (virus + wells) after subtraction of the background RLUs
in the control groups with cells only. The IDsq values were calculated
with nonlinear regression, that is, log (inhibitor) versus response (four
parameters), using GraphPad Prism 8 (GraphPad Software).
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2.11 | Detection of cellular response in mouse
lungs and spleens via fluorescence-activated cell
sorting (FACS) analysis

Twenty-eight days after boost immunization, the mice were
euthanized, the lungs and spleens were collected, and single cells
were isolated via homogenization. Cells were stimulated with an S
protein peptide pool overnight. After intracellular cytokine staining
(ICS) staining using a panel consisting of anti-CD3 PE-Cy7, anti-CD4
APC-Cy7, anti-CD8 PerCP Cy5.5, anti-IFN-y FITC, and anti-TNF-a
APC (Table 1), the T cell response based on the expression of
interferon-gamma (IFN-y) and tumor necrosis factor a (TNF-a) was
determined using BD FACS Aria Ill (BD Biosciences). These data were

analyzed using FlowJo software (Ttree; FlowJo).

3 | RESULTS

3.1 | SARS-CoV-2 spike (S) protein was displayed
on the surface of recombinant NDV-S (rNDV-S)

Two recombinant viruses expressing the S and S1 proteins were
rescued using a highly efficient reverse genetic system. The total
length of recombinant viruses rNDV-S and rNDV-S1 is 19 242 and
17 442 bps, respectively, and all are divisible by 6 abiding by the “Rule
of Six."?* To evaluate biological properties of the parental and the
rescued viruses rNDV-S and rNDV-S1 on viral pathogenicity and
growth ability, the viruses were examined in vitro and in vivo by
testing the virus titration (EIDso and HA test), MDT, and ICPI. As
shown in Table 2, the recombinant viruses showed similar attenuated
characteristics in SPF embryonated eggs and 1-day-old chickens with
a longer MDT (>150h) and low ICPI (0.0) compared to the parental
strain rLaSota. The results of the EIDso and HA test showed that the
titer of rNDV-S was slightly lower but was comparable to that of
rNDV-S1 and rLaSota.

To verify the expression of S and S1 proteins in the recombinant
viruses, DF-1 cells were infected with NDV control, rNDV-S, and
rNDV-S1, respectively. WB was performed using the anti-RBD

monoclonal antibody 4D11 (in-house developed). RBD was

TABLE 1 List of FACS antibodies used

Antigen Color Clone Supplier

CD3 PE-Cy7 145-2C11 BD Bioscience
CD4 APC-Cy7 GK1.5 BD Bioscience
CD8 PerCP-Cy5.5 53-6.7 BioLegend
TNF-a APC MP6-XT22 BioLegend
IFN-y FITC XMG1.2 BioLegend
CD44 PE IM7 BioLegend
CDé62L PE-Cy7 MEL-14 BioLegend

Abbreviation: FACS, fluorescence-activated cell sorting.

MEDICAL VIROLOGY

considerably expressed in both rNDV-S- and rNDV-S1-infected cells
and the NDV hemagglutinin-neuraminidase protein was detected in
all infected cells as an infection control (Figure 1C). To confirm
whether the exogenous S protein was integrated into the recombi-
nant viral particles, WB was performed to analyze S/S1 protein
expression in the purified virus. The WB results clearly showed that
RBD protein was detected on both rNDV-S and rNDV-S1 viruses. SO,
the uncleaved form of S protein, was also detected in rNDV-S,
indicating that both SO and S1 forms of protein were present in the
expression system, similar to the protein expression format in the
infected cells (Figure 1C). In the expression system, the full length
of the S gene is inserted between the P and M genes, the
transmembrane domain theoretically leads the S protein to be
assembled and displayed on the surface of the virions. To confirm if
the S protein was displayed on the surface of virions, the
recombinant virus was absorbed onto Vero 81 cells at 4°C for 1h,
followed by fixation and IF staining. Based on the results, RBD,
representing S protein, was detected on the virion-attached cells,
whether permeabilized or not, suggesting that S protein was likely
displayed on the surface of rNDV-S (Figure 1D). RBD, representing
the S1 protein, was only detected in permeabilized rNDV-S1-
attached cells, suggesting that the S1 protein was integrated into
but not displayed on the virions.

3.2 | rNDV-S induced profound antibody
production and strong T-cell immunity

To assess the immunogenicity of the recombinant viruses, mice were
vaccinated and the anti-RBD antibodies and virus-specific T-cell
responses were evaluated. Specifically, C57/BL6 mice were inocu-
lated with live rNDV-S and rNDV-S1 intramuscularly (IM) or
intranasally (IN), because NDV rarely replicates in the muscles, and
LaSota strain infection in the lungs of mice is restricted and causes no
symptoms. The production of I1gG against RBD in mice was measured
using an RBD ELISA, and the levels of neutralizing antibodies were
measured using an in-house developed ACE2 competition assay
procedure. Fourteen days post prime immunization, only mice
injected with rNDV-S via IM were found to produce relatively higher
levels of RBD-specific IgG (Figure 2A). Fourteen days post-boost
immunization, mice that received low (median tissue culture

TABLE 2 Biological assessments of the recombinant viruses

Viruses MDT ICPI HA EIDso

rLaSota 130h 0.15 210 3.16 x 107
rNDV-S >150h 0.0 27 3.98x10°
rNDV-S1 >150h 0.0 210 5.62x 108

Abbreviations: EIDsq, the 50% egg infectious dose assay in embryonated
eggs; HA, hemagglutination titer expressed in Logy; ICPI, intracerebral
pathogenicity index assay in day-old chickens; MDT, mean death time
assay in embryonated eggs.
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FIGURE 2 Comparison of antibody levels and T-cell response between different routes and doses of immunization in NDV-S, and NDV-
S1-vaccinated mice: 6-week-old female C57/BL6 mice were vaccinated via intranasal inoculation of 10° TCIDso of NDV control (WT-IN) or
recombinant rNDV-S (NDV-S) and rNDV-51 (NDV-51), or 107 TCIDsg of rNDV-S (NDV-S 107), or via intramuscular inoculation of 10° TCIDsq
of NDV control (WT-IM) and rNDV-S (NDV-S IM) twice with a 14-day interval. (A, B) Anti-RBD antibody levels were determined using ELISA
at (A) 14 days postprime and (B) 14 days postboost immunization. (C) Neutralizing antibodies in the sera of mice at 14 days postboost
immunization were detected using an ACE2 competitive inhibition assay. (D) Detection of neutralizing antibodies with authentic virus-based
FRNT5o assays at 14 days postboosting. FRNT, focus reduction neutralization test. (E) Neutralizing antibodies detected with pseudovirus-
based neutralizing assays at 14 days postboosting. B.1.617.2, Delta variant; BA4/5 (S of BA.4 and BA.5 have the identical aa sequence),
Omicron variant; IDsq, 50% inhibitory dilution; Wuhan-hu-1, pseudovirus expressing SARS-CoV-2 S prototype. The data are presented as the
mean + SE. The asterisks (* and **) show the significance difference: *p < 0.05, and **p < 0.01 by Student's t test. ELISA, enzyme-linked

immunosorbent assay.

infectious dose [TCIDso), 10°) and high (TCIDsg, 107) doses of rNDV-
S via IN showed clear antibody responses, though the antibody levels
were still lower than those in mice injected via IM. High-dose-
immunized mice also had relatively higher antibody levels. Notably,

mice immunized via IN with rNDV-S1 did not produce anti-RBD
antibodies (Figure 2B). Furthermore, ACE2 competitive ELISA
analysis showed that only mice in the IM rNDV-S group produced
considerable levels of neutralizing antibodies (Figure 2C). This was
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consistent with neutralizing antibodies determined by authentic virus
neutralization assays (Figure 2D). To assess if the vaccine candidates
show cross-protection against different SARS-CoV-2 variants of
concern (VOCs), we performed pseudovirus-based neutralizing
assays using VSV expressing S of SARS-CoV-2 prototype Wuhan-
hu-1, delta (B.1.617.2) variant, and Omicron (BA.4/5, the S of BA.4
and BA.5 have the identical aa sequence) variant. Results showed
that immunization via IM efficiently induced a high amount of
neutralizing antibodies against the WT virus and B.1.617.2 variant,
however, these were escaped by a more recent variant BA.4/5
(Figure 2E). Taken together, rNDV-S administered via IM induced the
strongest humoral binding and neutralizing antibodies.

Fourteen days postboost immunization, ICS was performed using
antibodies against CD3, CD4, CD8, TNF-a, and IFN-y (Table 1).
Robust T-cell response was observed in the lungs of mice that were
IN inoculated with low-dose rNDV-S and rNDV-S1, with proportions
of IFN-y* TNF-a* CD8" T cell ranging from 0.96%-7.99% to
0.1%-16.19%, respectively. Considerable T-cell responses were

observed in the splenocytes of mice immunized either via IM or IN
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with either high- or low-dose recombinant viruses, with a slight

reverse correlation to the antibody levels (Figure 3A-C).

3.3 | Inactivated rNDV-S stimulated antibody
production comparable to that of the live virus but did
not induce a T-cell response

To access if inactivated virus exerted similar immunogenicity, NDV
control (WT) and rNDV-S were inactivated with 0.05% of PF solution
for a week. The inactivation was confirmed by inoculating Vero 81
cells with the highest amount of virus that did not cause any infection
(Figure 4A). Subsequently, 6-week-old C57/BL6 mice were adminis-
tered via IM with 10 TCIDs of live rNDV-S or an equivalent amount
of inactivated rNDV-S. Fourteen days after boost immunization,
inactivated rNDV-S induced antibody production that was compara-
ble to that induced by the live compartment. Thirty days postboost
immunization, the mice were euthanized and single splenocytes and

lung cells were isolated. After overnight stimulation with the SARS-
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FIGURE 3 T-cell response detection in the lungs and splenocytes of mice immunized with rNDV-S and rNDV-S1 with different
administration routes. Grouping has been detailed previously in Figure 2. (A) Representative FACS plots of S-specific CD8" T cell in the lungs and
spleens of vaccinated mice. Single cells were separated from the lungs and spleens of mice 14 days postboost immunization. After stimulation
using an S peptide pool overnight, the cells were stained and analyzed using FACS. (B, C) Dot plot comparison of frequencies of S-specific CD8"
T cell present in the (B) lungs and (C) spleens of vaccinated mice. FACS, fluorescence-activated cell sorting; TCIDsq, median tissue culture
infectious dose. The data are presented as the mean + SE. The asterisks show the significance difference: *p < 0.05, and **p < 0.01 by Student's

t test.
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FIGURE 4 Comparison of antibody levels and T-cell response post intramuscular immunization between live and inactivated viruses:
recombinant NDV-S virus was inactivated via treatment with 0.05% PF solution for 1 week. Six-week-old female C57/BL6 mice were inoculated
with 10% TCIDsg of NDV control (WT), inactivated rNDV-S (in-NDV-S) or live rNDV-S (liv-NDV-S) virus twice with 14-day intervals. Sera were
collected 14 days postprime and postboost immunization, respectively. (A) Immunofluorescence staining of RBD in Vero 81 cells infected with
live or inactivated rNDV-S. (B, C) Anti-RBD antibodies present in sera of mice (B) 14 days post-prime and (C) 14 days postboost immunization.
(D) Representative FACS plots showing the expression of TNF-a and IFN-y response to S peptide pool stimulation. (E) Proportions of IFN-
y*CD8" T cell in mouse spleens immunized with WT, inactivated rNDV-S, or live rNDV-S. (F) The phenotypes of S-specific CD8* T cell in the
spleen of live NDV-S-immunized mice. FACS, fluorescence-activated cell sorting; IFN-y, interferon-gamma; NDV, Newcastle disease virus; S,
spike; TCIDso, median tissue culture infectious dose; TNF-a, tumor necrosis factor-a; WT, wild type. The data are presented as the mean + SE.
The asterisks (*and **) show the significance difference: *p < 0.05, and **p < 0.01 by Student's t test.

CoV-2 S peptide pool, the cells were FACS-stained with antibodies to
CD3, CD8, TNF-a, IFN-y, CD44, and CD62L (Table 1) and analyzed
using FACS BD Arialll. Both live and inactivated viruses induced
production of a sufficient level of antibodies, with a slight decrease in
antibody levels against the inactivated virus (Figure 4B,C). Moderate
levels of T-cell response were still detected in mice 30 days
postboost immunization in splenocytes, but not in the lung cells
(Figure 4D,E). Based on the expression of CD62L and CD44, most
virus-specific T cells in the spleen were found to be still present in the
effector memory phase (Figure 4F). These cells have a high
probability of differentiating into central memory T cells and may
persist for a long period. The T-cell response induced by the
recombinant virus vaccine needs to be characterized in depth.

4 | DISCUSSION

The vaccination of susceptible animal species, such as cats, minks,
and great apes, is essential for public health, and the successful
elimination of SARS-CoV-2 will only be possible by controlling
transmission in all susceptible animal species. Eliminating the spread
of the virus between animals will not only help prevent the re-
emergence of viruses in humans but also prevent the emergence of
novel variants such as the SARS-CoV-2 mink variant at the human-
animal interface, facilitating the successful prevention and control of
the pandemic.

NDV-based SARS-CoV-2 vaccine has been reported since 2021 and
the immunogenicity and effectiveness have been tested in mice, rats, and
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pigs, and some candidates have been already in phase 1/2 trial.?>"%°

These reports have shown the induction of strong humoral immunity by
NDV-based vaccine candidates, and the report by Sun et al.2” has shown
the protection of mice by challenge experiments. However, only two of
the studies have reported cellular response results, in which none or weak
T-cell immunity was induced by the candidate vaccine.?>?” In the present
study, we showed a strong S-specific T-cell response which will add
valuable information to the development of SARS-CoV-2 vaccines that
provoke both humoral and cellular immunity. Here we report the
establishment of an efficient and stable system using NDV as a vector to
express the SARS-CoV-2 S protein for the rapid generation of vaccines
against SARS-CoV-2 in animals. The S and S1 proteins were sufficiently
expressed in rNDV-S- and rNDV-S1-infected cells. The S protein was
integrated and displayed on the surface of viral particles (Figure 1C,D). IM
immunization with live rNDV-S was found to induce both humoral and
cellular immunity in mice. IN immunization with live virus induced a higher
S-specific T-cell response in the lungs than that induced by IM injection
(Figure 3A-C). Overall, using the NDV vector vaccination system, both
robust humoral response and cellular immunity were induced in mice. The
virus-specific T-cell response to an overnight stimulation using the S
peptide pool, which is represented by the dual expression of IFN-y and
TNF-a in CD4" or CD8" T cells, accounted for up to 15% of the lung T
cell and up to 3.2% of the splenocytes of the rNDV-S/S1-immunized
mice and were considerably higher than those reported in similar studies
using mRNA vaccine, adenovirus-vectored vaccine, and replicon RNA
vaccines as candidates.*°-32

Although the protection of T-cell immunity in SARS-CoV-2
infection remains less studied, several studies have demonstrated the
important roles of T-cell memory in the persistence of protective
antibodies. With the coordination of humoral and cellular immunity,
antibodies, especially neutralizing antibodies, can be maintained for a
long period according to several studies.®*3* Memory B cells require
T follicular helper cells to transmit signals to facilitate preferential
selection after encountering the same antigens, which subsequently
leads to antibody maturation and persistence.>> In our previous
study, we also demonstrated that SARS-CoV-2-specific CD4" T cells,
including virus-specific T helper 1, circulating T follicular helper 1, and
circulating T follicular helper 17 cells, is associated with a relatively
slower decay of neutralizing antibodies.3® The coordination of
memory B and T cells in the maintenance of antibodies, especially
protective antibodies, should be investigated in depth in future
studies. The rNDV-S will provide a good model to study the role of B
and T cell interactions in antibody persistence.

The initial goal of this study was to select from two recombinant
NDV-vectored viruses expressing full-length S and S1 subunits, and
two routes (IM and IN) of immunization, to develop a vaccine
candidate with optimal immunogenicity. Although the expression of
S1 protein was similar between the rNDV-S- and rNDV-S1-infected
cells and the recombinant virions (Figure 1C,D), IN immunization with
rNDV-S1 failed to induce barely any antibodies against RBD, while
provoked almost highest amount of T cell response, suggesting that
the display of antigens likely affects the recognition and presentation
of antigens by antigen-presenting cells, and exposure manner of

MEDICAL VIROLOGY

antigens may be important for antibody production. This may be
explained by antigen form and exposure manner that affect B-cell
recognition and activation. B cells recognize and respond to soluble
and membrane-associated antigens, of which the latter is more
important for B-cell activation in vivo.>” The S1 protein has been
shown to be incorporated into but not displayed on the virions
(Figure 1D,E), making it less likely an ideal form of antigen to be
recognized by B cells. Another possible reason may be that the
minimal amount of antigens, either because the antigens were not
exposed to rNDV-S1 virions or the replication was restricted in the
lungs of mice, was not able to induce humoral immunity. However,
strong CD8" T-cell response was detected after rNDV-S1 boost
immunization, suggesting that a negligible amount of antigen may be
sufficient to induce a T-cell response. This is consistent with our
recent finding that T-cell response was detected in the COVID-19
close contacts even though they were never positive for nucleic acid
amplification tests (NAAT) or antibodies or any symptoms of
infection.®® At present, although many efforts have been made in
vaccine development, especially for hexa-pro S and adenovirus
vector vaccines, to induce T-cell responses in humans, the T-cell
response in clinical trials reported in a few recent studies is still not
optimal.3~*! Regarding the generation of strong T-cell responses,
the NDV vector system is expected to provide valuable resources to
T-cell-orientated vaccine candidates.

In this study, IN vaccination with NDV-S induced strong T-cell
immunity and IM immunization with live NDV-S induced the
production of a sufficient titer of antibodies, providing valuable
information and a potential mix-and-match to the strategy of mixed
boost vaccination in present human vaccinations. For instance,
matching live adenovirus-vectored vaccine with spray vaccination
may help produce virus-specific T-cell immunity in the lungs of
humans. In addition to helping to decide a strategy, live NDV-S may
have the potential for application in humans based on its safety as
NDV viruses replicate in the cytoplasm alone and do not integrate
into the host cell genome. Furthermore, NDV vector vaccines may
reduce the cost of animal vaccine production. NDV vectors easily
replicate in chicken embryos, can produce recombinant viruses with
high titers, and the production cost is considerably reduced, which
can meet the demand for vaccines for pets, such as cats and dogs, as

well as economic animals.
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