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Since the emergence of the pandemic COVID19 caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), the development of vaccines has been the prime strategy to control the disease
transmission. Most of the developed vaccines target the spike protein, however, the emerging variants
have alterations, particularly at the same region which may pose resistance to neutralizing antibodies. In
this study, we explored the variable and conserved regions of SARS-CoV-2 as a potential inclusion in a
multiple-target vaccine with the exploitation of Salmonella-based vector for oral mRNA vaccine against
Delta and Omicron variants. Increased IgG and IgA levels imply the induction of humoral response and
the CD4þ, CD8þ and IFN-gþ sub-population level exhibits cell-mediated immune responses. The degree
of CD44þ cells indicates the induction of memory cells corresponding to long-term immune responses.
Furthermore, we assessed the protective efficacy of the vaccines against the Delta and Omicron variants
in the hamster model. The vaccine constructs induced neutralizing antibodies and protected the viral-
challenged hamsters with significant decrease in lung viral load and reduced histopathological lesions.
These results reinforce the use of the conserved and variable regions as potential antigen targets of SARS-
CoV-2 as well as the exploitation of bacteria-mediated delivery for oral mRNA vaccine development.

© 2023 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
The high mortality cases caused by the sudden emergence of
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
responsible for the coronavirus disease 2019 (COVID-19) pandemic,
has imposed a heavy burden on the global public health and
economy. Thus, the development of effective vaccines and thera-
peutics are the key strategies to combat the spread of the disease.
The rapid development of vaccines against COVID-19 has been
remarkable and is currently being used worldwide following the
emergency use approval from health authorities including World
Health Organization (WHO).
ublic Health, College of Vet-
n, 54596, Republic of Korea.
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Importantly, the Delta and Omicron variants have been char-
acterized by higher viral loads and infectivity compared to the
ancestral SARS-CoV-2 which increases the risk of infection and
likely contributes to increased transmissibility [1,2]. The Delta
variant, first detected in late 2020 in India, is found to be more
transmissible than its ancestor and confers modest loss of suscep-
tibility to neutralizing antibodies due to the alterations in the spike
receptor-binding motif [3e5] and is less sensitive to vaccine-
elicited serum neutralizing antibodies than the parental strain
[3,6]. Subsequently, in late 2021, theWHO identified the emergence
of the Omicron variant, currently a variant of concern (VOC), which
possesses 26 to 32 mutations in the spike protein, some of which
are found to be associated with its increased immune escape
capability and receptor binding [7e9] which likely contribute to its
phenotypic characteristics of increased transmissibility and risk of
infection, but reduced disease severity and hospitalization
d.
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compared to the previous variants [10]. A recent study has also
shown markedly reduced serum antibody titres against the Omi-
cron variant compared to ancestral virus weeks after two doses of
BNT152b2 or CoronaVac [11].

The emergence of such SARS-CoV-2 variants with various
mutations that may escape the protective immunity provided by
the current vaccines imposes another challenge and continuously
raises public health concern, especially on future vaccine efficacy.
Hence, there is an urgent need in exploring alternative vaccine
strategies and evaluation of different vaccines against these
variants, making research on the development of next-
generation vaccines for broad protective immunity highly valu-
able. Various types of vaccine delivery of SARS-CoV-2 antigens
that induce immunity and protection efficacy against the disease
are continuously being developed and evaluated. Some of the
vaccine strategies include inactivated viral vaccines, live-
attenuated vaccines, virus-vectored vaccines, protein subunit
vaccines, virus-like particle vaccines and DNA and mRNA vac-
cines [12]. In this study, we specifically exploited the advantages
of Salmonella-based vaccine with Semliki Forest virus (SFV)
replicon which we have previously reported to efficiently amplify
the target mRNA and deliver the antigens to the target tissues
[13,14].

We previously studied the combination of different targets by
designing a multiple-target vaccine consisting of the receptor-
binding domain (RBD), heptad repeat domain (HR), membrane
protein (M) and epitopes of nsp14 of SARS-CoV-2 (V-P2A) using
Salmonella delivery system which induced immune response as
well as protection efficacy in animal models [13,15,16]. Thus, to
further explore the different SARS-CoV-2 proteins for potential
inclusion in a multiple-target vaccine, we have designed and
compared two Salmonella-enabled oral mRNA vaccines targeting
the variable and conserved regions of SARS-CoV-2, particularly
the RBD, N-terminal domain (NTD), Heptad Repeat (HR),
Nucleocapsid (N) protein and selected epitopes of nsp12 (RdRp)
in their ability to induce an immune response and protection in
the hamster animal model against the Delta and Omicron
variants.
1. Materials and methods

1.1. Experimental animals and ethics statement

Five-week-old specific pathogen-free (SPF) female BALB/c mice
and female golden Syrian hamsters used in the study were pro-
vided with water and feed and maintained in the animal housing
facility. Animal experiments were approved by the Jeonbuk Na-
tional University Animal Ethics Committee (JBNU 2021-027). All
experiments requiring the handling of live SARS-CoV-2 were per-
formed in Biosafety Level-3 (BSL3) laboratory of the Korea Zoonosis
Research Institute in South Korea.
1.2. Cells and viruses

Vero E6 and RAW 264.7 cells were cultured and maintained at
37 �C, 5% CO2 in Dulbecco's modified Eagle's medium (DMEM)
(Lonza) with 10% FBS (Gibco) and 1% pen-strep (Lonza). The SARS-
CoV-2 clinical isolates, hCoV-19/Korea/KDCA119861/2021 (B.1.617.2
lineage, Delta variant, Clade G) and hCoV-19/Korea/KDCA447321/
2021 (B.1.1.529 lineage, Omicron variant, Clade GR) obtained from
the National Culture Collection for Pathogens (NCCP) in the Korea
Disease Control and Prevention Agency (KDCA) were propagated in
Vero E6 cells. The titrated viral stocks were stored at �80 �C until
further use.
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1.3. Bacterial strains, plasmids, and primers

The strains of bacteria, plasmids, and primers used in this study
are summarized in Tables S1 and S2. The bacteria were grown in
LuriaeBertani broth (BD) with agitation at 37 �C with the appro-
priate antibiotics.

1.4. Vaccine design and construction

We designed two vaccine constructs each comprising either
conserved or variable genes. The gene sequence of RBD and NTD
were chosen for the variable construct and HR, N and RdRp were
selected for the conserved construct. The selected sequences were
amplified from the cDNA sample prepared using B.1.617.2 Delta
variant. For a multicistronic expression, each gene was connected
by viral self-cleaving peptide p2A by an overlap extension PCR [17].
These constructs were cloned into pJHL204, an SFV replicon-based
vector [13,15]. The constructs encoding the correct DNA sequence
information was verified by sequencing. A live-attenuated ST with
the genotype DlonDcpxr DsifA andDasd designated as JOL2500 was
used for gene delivery. The vaccine strains were prepared by elec-
troporation of JOL2500 with pJHL204 encoding either conserved or
variable vaccine constructs. The 3D structure of the vaccine con-
structs was modelled using Phyre2 [18] and then subjected to
Ramachandran plot analysis using PROCHECK server for measuring
quality and validation [19]. The protein structures were visualised
with EzMol 2.1 [20]. Additionally, B-cell and T-cell epitope predic-
tionwas done using Bepipred Linear Epitope Prediction 2.0 [21] and
NetCTL 1.2 server [22] respectively.

1.5. Confirmation of the vaccine constructs expression

RAW264.7, murine macrophage cells, in 12-well plates were
infected with JOL2818 (pJHL204-HR-N-RdRp; conserved), JOL2819
(pJHL204-NTD-RBD; variable) at 25 MOI for 3 h. After infection, the
wells were incubated for 1 h with 100 mg/ml gentamycin-
containing media to kill the external bacteria and then further
incubated for 48 h. The expression of the vaccine construct was
confirmed. Briefly, the cDNA was synthesized from extracted RNA
and the specific construct primers were added in the PCR reaction
and subjected to thermal cycling. The products were confirmed by
visualization of the full-length vaccine constructs in agarose gel.

To further confirm bywestern blotting,150 ml of RIPA lysis buffer
was added to the cells and kept on ice for 15 min. The cell lysates
were subjected to sonication and the collected supernatants were
mixed with equal volume of 2� SDS sample buffer and run on a 12%
and 15% gel. The samples were transferred to a nitrocellulose
membrane and blocked with 5% skimmilk at room temperature for
2 h. 1:500 diluted primary antibodies raised in rabbits were added
and incubated at 4 �C overnight. The anti-rabbit IgG-HRP secondary
antibody was added at 1:6000 and further incubated for 1 h at
37 �C.

The in vitro expression of the vaccine constructs was also
detected by immunofluorescence assay (IFA) as described in the
supplementary material using the individual rabbit antibodies
diluted at 1:200. Cells infected with JOL2865 (vector control)
served as the negative control.

1.6. Mice immunization and immunogenicity study

Groups of mice (N ¼ 8) were immunized with JOL2818 (vari-
able), JOL2819 (conserved), mixed (JOL2818 þ JOL2819) and
JOL2865 (vector control) orally by administering directly into the
stomach using a bulb-tipped gastric gavage needle at a dose of
1 � 108 CFU in 100 ml PBS given at two doses at a 2-week interval.
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Another group of mice (N ¼ 8) did not receive any treatment and
served as control. At three weeks after the second dose, single-cell
suspensions of splenocytes were prepared from four mice from
each group as described previously [13]. Sera, intestinal lavage and
lung homogenate samples were also collected for ELISA. Salmo-
nella-induced clinical signs such as weight loss were monitored.
1.7. FACS analysis

For fluorescence-activated cell sorting (FACS) analysis, spleno-
cytes collected at 3 weeks after the final immunization were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum
and 1% penicillinestreptomycin in a 96-well plate at 1 � 105 cells/
well. The cells were stimulated with 400 ng of individual recom-
binant proteins for 48 h or with 1 mg/ml of each of the SARS-CoV-2
peptide pools (PepTivator SARS-CoV-2 Prot SDelta, SOmicron and N,
Miltenyi-Biotec, Germany) for 24 h. PE-anti-CD3e antibodies, FITC-
anti-CD8a, PerCPVio700-anti-CD4 and FITC-anti-CD44 were used
for cell surface staining and PE-anti-IFN-g for intracellular cytokine
staining. T-cell subpopulations CD3þCD4þ, CD3þCD8þ CD4þIFN-gþ,
CD8þIFN-gþ and CD44þIFN-gþ were gated and analysed using the
MACSQuant analysis system.
1.8. Cytokine measurement my qPCR

For cytokine measurement, isolation of the RNA was performed
using a commercial kit (GeneAll) according to the manufacturer's
instructions. The detailed methods were performed as previously
described [13]. Briefly, cDNA was synthesized from 1 mg of purified
RNA using RT Master Premix (Elpis Biotech) with oligo d(T)15
primer according to the manufacturer's instructions. The relative
gene expression of cytokines TNF-a, IFN-g, IL-10 and IL-4 were
measured by qPCR using StepOnePlus Real-Time PCR System
(Applied Biosystems) using standard conditions. SYBR Green/ROX
qPCR Master Mix (ELPIS Biotech) was used together with the
primers listed in Table S2 [23]. The reactionwas carried out at 95 �C
for 7 min pre-incubation followed by 40 cycles of 30 s each at 95 �C,
55 �C and 72 �C. The specificity of the PCR amplification and
absence of contamination was confirmed by melting peak analysis
with a temperature gradient of 0.1 �C s-1 from 65 �C to 97 �C.
Changes in the mRNA levels in immunized mice were determined
by the 2-DDCT method using b-actin as the housekeeping gene.
1.9. Hamster immunization and challenge study

Female golden Syrian hamsters were divided into four groups
consisting of 4 hamsters per group for SARS-CoV-2 Delta variant
challenge and 3 hamsters per group for SARS-CoV-2 Omicron
variant challenge and were orally administered with two doses of
2 � 108 CFU of each vaccine strains at a 2-week interval. Animals
were monitored for any Salmonella-induced clinical signs including
weight loss. 2 weeks after the booster dose, each animal was
challengedwith 1� 104 PFU of either SARS-CoV-2 Delta or Omicron
variant via the intranasal route under ketamine-xylazine anaes-
thesia. All hamsters were monitored for five days, and body weight
changes were noted.

On day 5 post-challenge, animals were euthanized. Blood was
extracted by cardiac puncture and the sera samples were collected
after coagulation and centrifugation and frozen at �80 �C until use.
Lungs were also collected and kept at �80� for further analysis
while sections of lungs were also fixed in 10% neutral-buffered
formalin for histopathological analysis.
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1.10. Viral titration and RNA isolation

Lung samples collected from golden Syrian hamsters were ho-
mogenized with 1 ml of ice-cold DMEM (Lonza) in 2 ml tubes and
the tissue homogenate supernatants were titrated on Vero E6
monolayers in 96-well plates. Briefly, serially diluted lung ho-
mogenate samples were inoculated on the cells and incubated at
37 �C for 72 h. The cells were observed under a microscope for
cytopathic effect (CPE). The TCID50 ml�1 value was calculated with
Reed-Muench method [24] and expressed in log10 TCID50/ml. The
viral replication was also analysed by immunofluorescence assay.

For viral load in lung tissue homogenates, RNA was extracted
using a commercial kit (GeneAll) according to the manufacturer's
instructions and eluted with 50 ml nuclease-free water. 1 mg of RNA
was used for real-time RT-qPCR to detect and quantify specific
SARS-CoV-2 N gene.

1.11. Enzyme-linked immunosorbent assay (ELISA)

Purified recombinant proteins (RBD, NTD, HR, N, RdRp) were
coated onto 96-well high-binding polystyrene plates (Greiner Bio-
one) at 2.5 mg/ml in 100 mM bicarbonate-carbonate coating buffer
pH 9.6 overnight at 4 �C. Thewells were then blockedwith 200 ml of
5% skim milk for 1 h at 37 �C and then washed three times with
0.05% PBST. Heat-inactivated serum samples from mice and ham-
sters, intestinal lavage and lung homogenate samples were diluted
in 2% skim milk and 100 ml of the respective serum dilutions were
added to thewells. The sera were incubated in the plates for at least
1 h at 37 �C. The ELISA plates were again washed thrice in PBST,
followed by the addition of 100 ml of 1:3000 HRP-conjugated goat
anti-mouse IgG, IgG1, Ig2a or IgA antibody (Southern Biotech) in
PBST. 1:10,000 dilution of goat anti-hamster IgG (H þ L) HRP
(Southern Biotech) was used for hamster sera. The plates were
incubated at 37 �C for 1e2 h, washed thrice in 0.05% PBST and the
assay was developed using OPD substrate for 10e20 min in the
dark. The optical densities (OD) were read at 492 nm in microplate
reader (Tecan) after stopping the reaction with 3 M H2SO4.

1.12. Live virus neutralization assay

Neutralizing antibody titer in hamster sera was determined by
microneutralization assay (MN). Briefly, 2-fold serial dilutions of
sera were prepared and incubated at 37 �C for 2 h with 200TCID50
of either SARS-CoV-2 Delta variant or Omicron variant. Antibody-
virus mixtures were then added onto confluent Vero E6 cells
grown in 96-well plated and incubated for 72 h. Cytopathic effect
(CPE) was observed under a microscope and was analyzed by
immunofluorescence assay. The highest sera dilution that resulted
in complete inhibition of CPE was recorded as neutralizing anti-
body titer and expressed as MN50.

1.13. Lung histopathology

Formalin-fixed lung samples were processed for paraffin
embedding. The paraffin blocks were cut into 4-mm-thick sections
and mounted on glass slides. Sections were further processed for
haematoxylin and eosin staining. Stained sections were viewed
under the microscope to study the histopathological changes.

1.14. Statistical analysis

All statistical analyses were performed by Student's t-test and
ANOVA using GraphPad Prism 5 Software. The p-value <0.05 was
considered significant.
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2. Results

2.1. Design and construction of SARS-CoV-2 vaccines

We designed two vaccine constructs such as conserved and
variable from the gene sequence of B.1.617.2 Delta variant shown in
Fig. 1A and B. The constructs were cloned into pJHL204, an SFV
replicon-based vector that allows the abundant expression of target
gene mRNA by a self-replicating mechanism. Further, the self-
cleaving peptides allow the separation of polyprotein into indi-
vidual proteins post-translationally. The protein structure of the
constructs was simulated (Fig. 1A and B) and Ramachandran plot
analysis revealed 89.3%e100% of amino acid residues are located in
the favoured and allowed regions (Fig. 1C), that implies the 2�

structure formation and structural stability of selected antigen
candidates. Also, B-cell and T-cell epitopes prediction from servers
are listed in Tables S3 and S4 and depicted in Fig. S1. The resulting
vaccine constructs were electroporated into JOL2500, a live-
attenuated Salmonella Typhimurium with the genotype Dlon,
Dcpxr, DsifA, and Dasd for the vaccine delivery. The resulting vac-
cine strains were designated as JOL2818 (conserved) and JOL2819
(variable), respectively. A vector control designated as JOL2865 was
also prepared by electroporation of JOL2500 with pJHL204.
2.2. Expression profile of vaccine constructs

The RT-PCR analysis showed the amplification of the full-length
vaccine constructs from the synthesized cDNAwith a size of 2.2 kb
for HR-N-RdRp (conserved vaccine; JOL2818) and a size of 1.6 kb for
NTD-RBD (variable vaccine; JOL2819) (Fig. 2A). The mixture of each
vaccine strain (mix; JOL2818 þ JOL2819) also revealed the ampli-
fication of both vaccine constructs while no amplification was
observed in cells infected with the vector control (Fig. 2A). The
protein expression of the vaccine constructs was further confirmed
by western blotting and immunofluorescence assay using the hy-
perimmune antisera against the specific proteins. The western blot
analysis of the cell lysates revealed protein bands at approximately
32, 32, 14, 44, 14 kDa for RBD, NTD, HR, N and RdRp, respectively
Fig. 1. Vaccine design and construction. (A) Graphical representation of designed
vaccine constructs. (B) 3D structure of the variable and conserved vaccine constructs
showing the individual genes: NTD (blue), RBD (red), HR (yellow), N (green), RdRp
(orange) and P2A peptide (white). (C) Ramachandran plot analysis showing residues
located in the favoured and allowed regions for structure validation.
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(Fig. 2B). Immunofluorescence assay showed bright green fluores-
cence manifested by infected cells with conserved and variable
vaccines, whereas the expression was not detected in cells infected
with the vector control (Fig. 2C). These results confirmed that the
expression of all five antigens were efficiently delivered by the
Salmonella vector system.
2.3. Induction of vaccine-elicited antibodies and cellular immune
responses in mice

High levels of antigen-specific IgG and IgA antibodies were
elicited after two doses of the oral vaccines in all the vaccinated
groups (Fig. 3A and B) with high antibodies raised against RBD
and NTD and least antibodies raised against RdRp. Delta variant
neutralizing antibodies from immunized mice revealed higher
mean titre induced by the variable construct (Fig. 3C). Further-
more, the analysis of cell suspensions of mouse splenocytes
harvested at week 3 post-immunization after stimulation with
the individual recombinant proteins and peptide pools showed
recall response. Changes in the expression profiles of Th1 cyto-
kines (IFN-g and TNF-a) and Th2 cytokines (IL-4 and IL-10)
revealed upregulation and downregulation of transcripts upon
stimulation. Particularly, stimulation of cell suspensions with
NTD and RBD from mice immunized with the variable construct
revealed upregulation of about 1.9-fold to 6.5-fold of TNF-a, 1.9-
fold to 16.75-fold IFN-g, 8.82-fold to 16.1-fold of IL-4 and 1.7-fold
to 15.6-fold of IL-10 (Fig. 4A). While cytokine expression after
stimulation with HR, N, and RdRp of cell suspensions from mice
immunized with conserved construct revealed upregulation of
about 0.9-fold to 8.5-fold of TNF-a, 0.4-fold to 30-fold of IFN-g,
1.0-fold to 16.4-fold of IL-4 and 5.09-fold to 22-fold of IL-10
(Fig. 4A). Stimulation with peptide pools from spike Delta and
Omicron and nucleocapsid also exhibited similar pattern of
upregulation of the cytokines (Fig. 4A).

Flow cytometric analysis of changes in T cells after stimulation
with the recombinant proteins as well as peptide pools also
revealed an increase in both CD4þ and CD8þ T cell subpopulations
compared with the placebo controls (Fig. 4B). Particularly, a sig-
nificant increase (p < 0.05) in CD4þ was observed after stimulation
with NTD recombinant protein and the peptide pools. Additionally,
changes in the CD8þ T cell sub-population were significantly
increased upon stimulation of the recombinant proteins as well as
peptide pools. Intracellular cytokine staining of IFN-g positive CD4þ

and CD8þ T cells and percentage of CD44þIFN-gþ (Fig. 4B) further
revealed T cell expansion and anti-viral response in vaccine-
immunized groups upon stimulation with the respective peptide
pools.
2.4. Induction of humoral immune response and neutralizing
antibodies in hamster model

Humoral IgG immune response was elicited against the five
target antigens with the highest mean of antigen-specific anti-
bodies observed against RBD followed by N, HR, NTD, and least
observed against RdRp detected by ELISA (Fig. 5A). Furthermore, to
test the ability of hamster sera to neutralize two SARS-CoV-2 var-
iants such as Delta and Omicron, the levels of NAbs were deter-
mined by microneutralization expressed as MN50. Sera from
separately immunized hamsters with the conserved and variable
constructs, as well as hamsters immunized with the mixture of the
two, exhibited log2-transformed MN50 titre of 9e10 against Delta
variant (Fig. 5B) and showed cross-neutralization with 6e8 titre
against Omicron variant (Fig. 5C).



Fig. 2. In vitro expression of vaccine strains in RAW cells. The murine macrophage cell line, RAW 264.7, was infected with the vaccine strains JOL2818, JOL2819, or vector control
(VC) JOL2865. (A) Agarose gel electrophoresis analyses of PCR products for expression of full-length constructs. (B) Western blot analyses of co-expression products. Detection was
performed using specific hyperimmune rabbit sera against each recombinant protein. (C) Images of immunofluorescent staining of RAW 264.7 cells showing expression of proteins.
IFA was performed using antisera against the target recombinant proteins. Green fluorophore indicates protein expression and blue fluorophore indicates nuclei stained with DAPI.
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2.5. Protection of immunized hamster from Delta and Omicron
SARS-CoV-2 challenge

Overall, the weight loss of all immunized hamsters challenged
with Delta or Omicronwas less observed at 2e3 days post-infection
compared to infected placebo groups (Salmonella without the
plasmid) (Fig. 5D and G). Lung samples collected at 5-dpi were
subjected to viral titration to determine the viral burden and
revealed a significant decrease in the viral load of the Delta variant
in all immunized groups with one hamster from each group
showing no detectable viral titre (Fig. 5E). On the other hand,
decreased infectious viral titre was also observed in all immunized
hamsters with a significant decrease (p < 0.05) of the viral burden
of Omicron variant in the lungs of hamsters immunized with the
conserved vaccine construct (Fig. 5H). In addition, the viral N gene
copies were also reduced and recorded as 6.5 copies/g and 5.8
copies/g for all vaccinated groups infected with Delta and Omicron
variants, respectively (Fig. 5F and I).

Gross analysis of the lungs showed evident signs of inflamma-
tion and pneumonitis in the placebo group of hamsters infected
with either Delta variant or Omicron variant while no such severe
inflammation and congestion was observed in the vaccinated
5

hamsters (Fig. 6A and C). Further histopathological analysis of lung
sections also revealed severe infiltration of inflammatory cells in
the lung parenchyma, bronchial and bronchiolar mucosa, and sur-
rounding airways in the placebo group of hamsters infected with
either SARS-CoV-2 Delta or Omicron variant. For all immunized
groups, stained lung sections showed few focal lesions of conges-
tion and mild inflammatory infiltrates, showing reduced inflam-
mation in the lungs (Fig. 6B and D).

3. Discussion

The emergence of the pandemic COVID-19 has caused a great
impact on global public health and the best-known strategy to
combat the spread of this disease is the rapid development of
effective vaccines. Most of the currently approved vaccines were
based on the spike protein due to its vital role in the binding of the
virus and fusion with the host cell membrane receptor thus, anti-
bodies produced against this protein could inhibit further viral
replication [25,26]. With the known role of the spike protein in
SARS-CoV-2 infection and adaptive immunity, it has been identified
as a target site for neutralizing antibodies, making it a key target for
vaccine design [27e29]. However, there are concerns about the



Fig. 3. Induction of humoral and mucosal responses by JOL2818 (conserved) and JOL2819 (variable). Balb/c mice were immunized orally with two doses of 1 � 107. Specific antibody
responses in mice (N ¼ 4) at week 3 post-immunization were assessed for NTD, RBD, HR, N and RdRp antigens. (A) IgG, IgG1 and IgG2a response in serum and lung of mice was
determined by ELISA. The bars indicate the means of the titres from four biologically independent mice per group. (B) IgA response in sera of immunized mice at sera dilution of
1:50, sIgA response in the intestinal lavage at a sample dilution of 1:100 and IgA response in lung homogenates at 1:10 sample dilution. (C) Serum neutralizing antibody titre (NAb)
from mice quantified by CPE and IFA analysis against SARS-CoV-2 Delta variant. Error bars denote SEM. Data were analysed by independent-samples T-test and ANOVA. *p < 0.05,
**p < 0.01 and ***p < 0.001.
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Fig. 4. Cellular immune response in mice. Immune recall response from mice (N ¼ 4) was analysed at 3 weeks post-immunization. Splenocyte suspensions were stimulated
separately with individual recombinant proteins, spike and nucleocapsid peptide pools. (A) Changes in the cytokine expression profile of IFN-g, TNF-a, IL-4 and IL-10 determined by
qPCR at 48 h after stimulation with recombinant proteins and at 24 h after stimulation with peptide pools. (B) Percentages of CD4þ and CD8þ T cells quantified and presented in a
bar diagram. Further percentage of CD4þIFN-gþ, CD8þIFN-gþ and CD44þIFN-gþ T cell expansion were presented upon stimulation with the peptide pools. (C) Bar diagram showing
splenocyte proliferation index. The bars represent the mean values from four biologically independent mice per group. Error bars denote SEM. Data were analysed by independent-
samples T-test and ANOVA. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 5. Humoral immune response and protection efficacy evaluation by the vaccines in hamster model. Syrian hamsters were immunized with 2 doses of 2 � 108 CFU and IgG and
neutralizing antibody titre were assessed 3 weeks post-immunization. (A) IgG response in sera of hamsters on individual antigens. (B) Neutralizing antibody titre (NAb) quantified
by CPE and IFA analysis against SARS-CoV-2 Delta variant. (C) NAb quantified by CPE and IFA analysis against SARS-CoV-2 Omicron variant. To evaluate the protection conferred by
the vaccine in a hamster model, Syrian hamsters were immunized orally with 2 doses of 2 � 108 CFU at a 2-week interval. 3 weeks post-immunization, hamsters were intranasally
inoculated with 1 � 104 PFU of either the delta variant or omicron variant. (D) Percentage body weight change of hamsters after viral challenge with Delta variant. (E) Lung viral
burden in Delta-challenged hamsters quantified by qPCR detection of SARS-CoV2 N gene. (F) Lung viral burden in Delta-challenged hamsters measured by TCID50. (G) Percentage
body weight change of hamsters after viral challenge with Omicron variant. (H) Lung viral burden in Omicron-challenged hamsters quantified by qPCR detection of SARS-CoV2 N
gene. (I) Lung viral burden in Omicron-challenged hamsters measured by TCID50. Data were presented as log10 TCID50 and log10-transformed viral N gene copies/g. Data were
analysed by independent-samples T-test and ANOVA. *p < 0.05, **p < 0.01 and ***p < 0.001.
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future efficacy of the current vaccines because of the evolving
capability of the SARS-CoV-2 shown by the emergence of various
variants carrying mutations on the spike protein, particularly in the
receptor-binding domain (RBD) of the variants that could impair
the efficiency of COVID-19 vaccines [30]. Thus, the development of
8

efficient vaccines targeting multiple viral proteins such as those
variable and conserved regions [31] will bring further under-
standing of other potential targets and exploration of other alter-
native vaccine strategies and delivery systems for universal variant
vaccines. Thus, in this study, we specifically constructed two



Fig. 6. Gross and histopathological analysis of the lungs from immunized Syrian hamsters challenged by SARS-CoV-2. Assessment of freshly collected lungs at 5dpi from challenged
hamsters. (A) Gross pathology images from the placebo group and immunized hamsters challenged with SARS-CoV-2 delta variant. (B) Haematoxylin and Eosin (H&E) stained lung
sections from the placebo group and immunized hamsters challenged with SARS-CoV-2 delta variant. (C) Gross lung images from the placebo group and immunized hamsters
challenged with SARS-CoV-2 omicron variant. (D) Haematoxylin and Eosin (H&E) stained lung sections from the placebo group and immunized hamsters challenged with SARS-
CoV-2 omicron variant. Gross pathology images of hamster lungs show multifocal extensive areas (yellow arrow). Infected lung tissue sections showing severe lesions of interstitial
pneumonia (red circle) in the placebo group. Histopathological lesions were observed in bronchioles and adjacent alveolar spaces showing mild inflammatory changes (blue arrow).
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vaccine strains with the SARS-CoV-2 variable proteins NTD and RBD
and the conserved proteins HR, N, and epitopes of RdRp, separately,
and evaluated the elicitation of immune response and protection
efficacy in an animal model as well as in vitro.

The S1 subunit of SARS-CoV-2, consisting of the NTD and RBD,
has been extensively studied and known to play a key role in re-
ceptor binding with the host membrane which makes it the main
target of vaccine development [32]. Furthermore, the S1 subunit of
SARS-CoV-2 has reported mutations and deletions as observed in
the emerging variants and there is evidence that this can change
the antigenicity of the protein which can affect antibody neutrali-
zation and vaccine escape [8,33]. Interestingly, aside from S1-RBD,
the S1-NTD also contains epitopes for CoV NAbs found in infected
patients which also makes it a potential vaccine target [12]
9

(Tables S3 and S4). Thus, in addition to RBD, we further explored
the inclusion of NTD in the variable vaccine construct. While most
of the current vaccines target the “extra-viral” spike protein, several
studies have also shown the potentiality of other viral targets
against COVID-19 such as the conserved regions of the S2 subunit,
the HR1 and HR2 [31] and the “intra-viral” conserved proteins such
as the nucleocapsid (N-protein) [34,35] and non-structural proteins
[36] (Fig. 1). The heptad repeat (HR1 and HR2), situated in the S2
subunit of the spike protein that is responsible for viral fusion and
entry, is suggested to be a potential target in universal coronavirus
vaccines [12]. The N-protein is relatively conserved among mutant
strains and is the most abundant viral protein [37]. It has been
found to be highly immunogenic during infection [35,38] con-
taining T cell epitopes (Table S4) and a major target for antibody
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responses (Fig. S1 and Table S3) [12,39]. Thus, it has been found to
be an excellent immunogen to stimulate the host immune system
[37] particularly the T cell responses which are regarded as critical
for controlling infections and further viral dissemination [34]. The
non-structural proteins (NSPs), on the other hand, have important
roles in viral pathogenicity. In particular, the NSP12, also known as
the RdRp, allows the virus to carry out RNA synthesis and has
structural similarities among RdRp of SARS-CoV and SARS-CoV-2
[36,40,41]. Aside from the evidence of RdRp as a target for thera-
peutics [36,41], an epitope prediction study (Tables S3 and S4) has
revealed its antigenic properties [42] suggesting it to be a potential
candidate for the development of a vaccine against SARS-CoV-2 as
well as other non-structural proteins [43]. We have analysed the
stereochemical property of our vaccine constructs by Ramachan-
dran plot, which interprets the structural stability of the selected
antigens (Fig. 1).

In this study, we used the P2A, a viral self-cleaving peptide, to
generate a multi-antigen expression in which the expression of all
proteins in the vaccine constructs were confirmed by western blot
and IFA (Fig. 2). We then compared the humoral and cellular im-
mune response elicited by the vaccination of the two vaccine
strains expressing the conserved genes and variable genes, orally
administered using Salmonella-based delivery system. The highest
titrewas observed against RBD followed byNTDwhich is part of the
SARS-CoV-2 S1 domain (Fig. 3). This suggests that the combination
of RBD and NTD is more immunogenic in terms of B cell response
compared to other antigens. This result and hypothesis correlate
with another study which also demonstrated that the SARS-CoV-2
S1 domain is more immunogenic than RBD domain alone when
immunized in mice [44]. The conserved HR in the S2 spike protein
elicited high IgG titre (Fig. 3A) which demonstrates and supports its
potential target in universal coronavirus vaccines [12,31]. The oral
administration of the vaccine strains resulted in significantly
increased mucosal and sIgA response both in the intestine and lung
(Fig. 3B). The mucosal antibody response implies that the present
bacterial vaccination can hinder the virus at the prime route of
entry. Strong cellular immune responses were elicited by both the
vaccine constructs as observed in the increased CD4þ and CD8þ T
cells (Fig. 4B). Among the proteins, the NTD-specific CD4þ T cells
were recorded to be the highest, suggesting its possible significant
contribution in promoting B cell antibody production and helping
promote the induction of tissue-resident memory CD8þ T cells. We
also observed considerably higher number of IFN-g secreting CD4
and CD8 cells were detected in immunized mice (Fig. 4B), exem-
plifying the anti-viral immunogenicity [45]. In furtherance, a sig-
nificant increase in the CD44 sub-populationwith INF-g production
was detected. The CD44 exist on the surface of memory T cells that
attribute to protection against forthcoming infection after immu-
nization [46]. The results decipher the presence of memory T cells
to confer long term immune response (Fig. 4B). Our study on the
cytokine expression revealed induction of Th1 response with
upregulation of the pro-inflammatory cytokines such as TNF-a and
INF-g (Fig. 4A). Interestingly, the epitopes of the non-structural
protein RdRp, despite of its overall low immunogenicity possibly
due to low protein expression, have shown the highest increase in
the cytokine expression of IFN-g (Fig. 4A) suggesting its potential in
inducing cellular immune response which might have contributed
to the decreased viral burden in the lungs of the hamsters immu-
nized with the conserved vaccine.

Evaluation of the immune response and protection efficacy of
the conserved vaccine and variable vaccine was further assessed in
the hamster animal model. The serum IgG titre was assessed which
revealed significant induction of antibodies against all the antigens
after immunization in hamsters (Fig. 5A). Furthermore, the induc-
tion of neutralizing antibodies in mice (Fig. 3C) and hamsters was
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observed both in conserved- and variable-vaccinated hamsters
(Fig. 5A and C). Although the serum from immunized hamsters
with the two vaccines constructed based on the delta genomic
sequence showed a cross-neutralizing titre (Fig. 5B and C) against
the Omicron variant, the slight decrease in neutralization could be
associated with the antigenic difference between the spike glyco-
proteins of the two variants [47]. The associated protection brought
by immunization of the vaccine strains is supported by the signif-
icant decrease in lung viral load (Fig. 5E and H) after virus infection
with Delta and Omicron variants of the immunized hamsters as
well as reduced inflammation in the lungs (Fig. 6). We observed
better cross-protection against the Omicron variant by the
conserved construct that may be attributed to the elicitation of
superior T cell response by the nucleocapsid and RdRp which may
have critical control on the infection especially if the virus escapes
the antibody response against HR, a part of the spike protein. A
similar observation was recorded in a study of nucleocapsid-
specific immunity by Dangi et al. [34] which suggests the advan-
tage of including other viral antigens besides the spike protein for T
cell responses which may have critical role in subsequent viral
dissemination.

In this study we have specifically employed our previously
developed eukaryotic vector, pJHL204, comprising the Semliki
Forest virus (SFV) promoter and SFV RdRp for its efficient tran-
scription through a self-replication and self-transcribing mecha-
nism [48]. The plasmid expressing antigens was delivered by
Salmonella-based vaccine strain for efficient delivery of antigens to
target tissues [13,14]. With the innate ability of Salmonella to invade
and proliferate in professional antigen-presenting cells (APCs), it
has the advantage to directly deliver the DNA cargo to these cells
and subsequently result in induction of cellular and humoral
response [49]. Also, as safety concern is one of the important
considerations in vaccine development especially with live-
attenuated bacteria, of the vaccine delivery strain JOL2500 used
in this studywith genotype ofDlon,DcpxR,DsifA, andDasd has been
proven to have optimal survival in the host without any virulence
[14,50]. Furthermore, vaccine production for this unique strategy
can be easily scaled up and prepared rapidly at lower cost.

In summary, we have demonstrated the feasibility of targeting
multiple antigens of variable and conserved regions of SARS-CoV-2
by recording induction of strong cellular and humoral responses
which culminated in significant protection in the live virus-
challenged hamsters. In addition, the combination of efficient
eukaryotic expression and Salmonella-mediated vaccine delivery
offers a unique vaccine platform and alternative strategy in
combating infectious diseases such as SARS-CoV-2. Further dose
optimization of mix vaccine will be useful to acquire a potential
broad-spectrum protection. The findings reinforce the exploitation
of bacteria-mediated delivery for the development of safe, effective
and convenient oral mRNA vaccine against SARS-CoV-2 and also
other infectious diseases [49].
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