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Introduction: The emergence of SARS-CoV-2 variants has raised concerns on future vaccine efficacy as
most vaccines target only the spike protein. Hence, vaccines targeting multiple SARS-CoV-2 proteins will
offer broader protection and improve our preparedness to combat the pandemic.
Objectives: The study aimed to develop a novel vaccine strategy by combining a eukaryotic vector
expressing multiple SARS-CoV-2 genes and Salmonella-mediated in vivo DNA delivery.
Methods: The eukaryotic vector was designed to function as a DNA-launched RNA replicon in a self-
replicating and self-amplifying mRNA mechanism. By exploiting the self-cleaving peptide, P2A, we fused
four SARS-CoV-2 targets, including receptor-binding domain (RBD), heptad repeat domain (HR), mem-
brane protein (M) and epitopes of nsp13, in a single open reading frame. Western blot and immunoflu-
orescence assays were used to determine protein expression. In mice, the vaccine’s safety and
immunogenicity were investigated.
Results: Western blot analysis revealed co-expression all four proteins from the vaccine construct, con-
firming the efficiency of Salmonella-mediated gene delivery and protein expression. The vaccine candi-
date was safe and elicited robust antigen-specific antibody titers in mice, and a recall response from
splenocytes revealed induction of strong cell-mediated immunity. Flow cytometry demonstrated an
increase in sub-populations of CD4+ and CD8+ T cells with the highest CD4+ and CD8+ T cells recorded
for HR and RBD, respectively. Overall, humoral and cellular immune response data suggested the
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induction of both Th1 and Th2 immunity with polarization towards an antiviral Th1 response. We
recorded a potent SARS-CoV-2 neutralizing antibody titers in the immunized mice sera.
Conclusions: The Salmonella bactofection ensured optimum in vivo gene delivery, and through a P2A-
enabled efficient multicistronic expression, the vaccine candidate elicited potent anti-SARS-CoV-2
immune responses. These findings provide important insight into development of an effective multiva-
lent vaccine to combat SARS-CoV-2 and its variants.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the etiological agent of coronavirus disease 2019 (COVID-19),
prompted a global lockdown in over 220 countries [1]. On February
2021, the World Health Organization (WHO) gave emergency use
approval for vaccines such as AstraZeneca/Oxford COVID-19
(ChAdOx1-S) and Pfizer/BioNTech. However, the escalating pan-
demic and the emergence of novel variants have necessitated the
urgent need for multiple vaccines with alternative approaches to
achieve equitable global distribution [2]. Most SARS-CoV-2 vacci-
nes target the viral spike protein alone, and mutations in this
region that have been detected in variants have raised concerns
on future vaccine efficacy [2]. The mutations of greatest concern
are located within spike protein regions including in the
receptor-binding domain (RBD), furin cleavage site and N-
terminal domain. The recently described variant of concern is the
B.1.1.7 lineage, which has been dubbed the UK variant [3]. Alarm-
ingly, the variant was found to be more transmissible (75%) than
the parent strain [3] with a higher risk of mortality and longer
duration of acute infection [4,5]. In March 2021, a difficult-to-
diagnose variant was discovered in France, further highlighting
the urgent need for alternative ways to halt these variants and
their evolution [6]. Hence, multivalent vaccines offering broad pro-
tection will be crucial to combat the pandemic. To this end, we
have chosen RBD, heptad repeat domain (HR), membrane protein
(M) and epitopes of nsp13 of SARS-CoV-2 to design a multivalent
vaccine.

To achieve enhanced transgene expression, we designed a
eukaryotic vector exploiting the Semliki Forest virus (SFV) replicon,
a single-stranded RNA alphavirus that has been widely used in
gene therapy applications [7,8]. The SFV replicons were engineered
by deleting the genes encoding the structural proteins and replac-
ing them with target genes [9]. The SFV non-structural proteins
(nsp1–4) form a replicase complex which is responsible for highly
efficient transcription through a self-replicating and self-
transcribing mechanism of mRNA [9,10]. However, application of
SFV replicons is limited due to the cost intensive virus production
and highly transient gene expression. To overcome these chal-
lenges, a DNA-launched RNA replicon system was created by
replacing the SP6 promoter with the CMV promoter [11] with Sal-
monella bactofection for in vivo delivery.

Taking cues from our experience in the development of Sal-
monella-based vaccines against pathogens of veterinary and medi-
cal significance [12–16], we engineered an ST strain with deletions
in lon, cpxR, rfaL, pagL::lpxE and asd named JOL3000. Deletion of the
global regulator (lon) and stress response regulator (cpxR) genes
ensures optimum attenuation of ST [17]. One of the major draw-
backs of using live-attenuated organisms/vectors for gene therapy
is the interference from pre-existing antibodies [18,19]. Therefore,
to diminish the impact of pre-existing antibodies on the efficiency
of gene delivery and immunogenicity, we deleted O-antigen ligase
(rfaL) from the ST genome [20]. The replacement of pagL (lipid A
deacylase) with lpxEwas made to minimize endotoxicity [21]. LpxE
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is an inner membrane phosphatase from Francisella tularensiswhen
introduced into Salmonella leads to the synthesis of 1-
monophosphorylated lipopolysaccharide (MPL), which displays
low endotoxicity while retaining immunogenicity [21]. Finally,
the aspartate-semialdehyde dehydrogenase (asd) gene was deleted
for antibiotic-free delivery of the vaccine construct [22]. The engi-
neered ST was highly attenuated in mice and retained sufficient
invasiveness to ensure the delivery of DNA cargo to target tissues.

The ability of Salmonella to invade and proliferate in profes-
sional antigen-presenting cells (APCs) such as dendritic cells
(DCs) [23] and macrophages [24] makes Salmonella an attractive
DNA delivery vehicle. Because Salmonella can carry large DNA
cargo, multiple genes can be cloned in a single vector exploiting
viral self-cleaving peptides, such as P2A [25] that will separate
large polyprotein into individual proteins. The availability of
well-established tools to manipulate the bacterial genome [26]
allows the effortless construction of highly safe live-attenuated
ST strains and re-engineering ST for tissue specificity. Moreover,
Salmonella can survive in the host for a relatively long time, which
ensures the delivery and expression of a construct for a relatively
prolonged period of time compared with conventional DNA/RNA
vaccines [27]. Unlike other vaccine platforms, Salmonella requires
only minimal facilities and resources for vaccine production; thus,
large doses of vaccine can be manufactured at an affordable cost.
Most importantly, the system can be easily modified with new
DNA sequences and provides fast ways to manufacture the vaccine,
circumventing tedious processes such as cell culture and other
purification techniques. In addition, in the case of emergencies, this
bacterium can be easily controlled through the use of antibiotics,
which is not possible with replication-competent viral vectors.

We designed a novel vaccine platform by combining eukaryotic
expression and Salmonella-mediated efficient in vivo gene delivery.
The aim of the present investigation was to design the multivalent
vaccine against SARS-CoV-2 and evaluate its safety and immuno-
genicity in a mouse model. The current strategy opens a new ave-
nue to combat the ongoing pandemic and presents an alternative
way to improve our preparedness to fight the rapidly emerging
SARS-CoV-2 variants.

Materials and methods

Mice and ethics statement

Female BALB/c mice, aged five weeks and specific pathogen-free
(SPF), were obtained from Koatech in Pyeongtaek, Korea. Mice
were maintained on a standard feeding regimen with a 12 h
light-dark cycle at the Animal Housing Facility of the College of
Veterinary Medicine, Jeonbuk National University. Animal experi-
ments were approved by the Jeonbuk National University Animal
Ethics Committee (CBNU2015-00085) under Korean Council on
animal care and the Korean Animal Protection Law, 2001, Article
13. The experiments involving live SARS-CoV-2 were carried out
at Biosafety Level-3 (BSL3) lab of the Korea Zoonosis Research
Institute, South Korea.
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Cell lines and virus

HEK293T, Vero E6 and RAW 264.7 cell lines procured from ATCC
were maintained in Dulbecco’s modified Eagle’s medium (Lonza,
Switzerland) supplemented with 10% fetal bovine serum (Gibco,
USA), 100 units/mL penicillin and 100 lg/mL streptomycin at
37 �C in 5% CO2. Vero E6 cells were used to propagate the SARS-
CoV-2 clinical isolate BetaCoV/Korea/KCDC/03/2020 and titers
were calculated by a plaque assay. SARS-CoV-2 stocks were stored
at �80 �C until further use and passage 3 virus was used in all the
experiments.

Bacterial strains, plasmids and primers

Table 1 summarizes the strains of bacteria, plasmids, and pri-
mers used in this study. The bacteria were grown in Luria–Bertani
broth (LB; BD, USA) with agitation at 37 �C using appropriate
antibiotics whenever applicable. For bacterial enumerations, Bril-
liant Green Agar plates (BD, USA) were used.
Table 1
List of bacterial strains, plasmids and primers used in the present study.

Bacteria/Plasmid Genotypic characteristics

S. Typhimurium
JOL3000 Dlon DcpxR DrfaL DpagL::lpxE D
JOL3014 JOL3000 carrying pJHL204-V-P2
JOL3015 JOL3000 carrying pJHL204

E. coli
DH5a E. coli F�U80dlacZDM15D (lacZ

hsdR17(rk�, mk+) phoA supE44
JOL2606 DH5a carrying pET 28(a) + RBD
JOL2594 DH5a carrying pET 28(a) + HR
JOL2679 DH5a carrying pET 28(a) + M
JOL2612 DH5a carrying pET 28(a) + nsp1
BL21(DE3) F–, ompT, hsdSB (rB–, mB

–), dcm, ga
JOL2607 DE3 carrying pET 28(a) + RBD
JOL2595 DE3 carrying pET 28(a) + HR
JOL2680 DE3 carrying pET 28(a) + M
JOL2613 DE3 carrying pET 28(a) + nsp13
E.coli232 F � k � u80 D(lacZYA-argF) en

glnV44 gyrA96 relA1 DasdA4
JOL3013 E. coli 232 carrying pJHL204-V-P

Plasmids
pET28a(+) IPTG-inducible expression vecto
pSFV3-lacZ ampR ,SP6 promoter, pBR322 or
pJHL204 asd+, CMV promoter, SV40 prom

Protein expression primers
RBD Forward – GAATTCAGAGTCCAA

Reverse - AAGCTTGATGATAGAC
HR Forward - GAATTCACCCAGAACG

Reverse - AAGCTTGGGCCACTTG
M Forward - GAATTCTTATTCGCGC

Reverse - AAGCTTTTGAACCAAC
nsp13 Forward - CCATGGCAACTTACAA

Reverse - GGATCCAATATTTGTG

Construct primer
V-P2A Forward - GGGCCCGCCACCATG

Reverse - GGCGCGCCTTATATTT

Cytokine primers
IFN-c Forward - TCAAGTGGCATAGATG

Reverse - TGGCTCTGCAGGATTT
TNF-a Forward - CATCTTCTCAAAATTC

Reverse - TGGGAGTAGACAAGG
IL-4 Forward - ACAGGAGAAGGGACG

Reverse – GAAGCCCTACAGACGA
IL-10 Forward - GGTTGCCAAGCCTTAT

Reverse – ACCTGCTCCACTGCCT
GAPDH Forward - TCACCACCATGGAGAA

Reverse - GCTAAGCAGTTGGTGG
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Retrieval of SARS-CoV-2 sequences and V-P2A construction

To construct amulti-antigenvaccine, thenucleotide sequencesof
RBD (756 bp), HR (372bp),M (666bp) and selected peptides of RNA-
helicase (nsp13, 291 bp) were retrieved from NCBI (NC_045512.2).
Each selected antigen was linked using a splicing peptide of 20
amino acids (60 bp) derived from porcine teschovirus-1, P2A and a
Kozak consensus sequence was placed at the 50 end of RBD to
enhance translation. The construct was named V-P2A and custom
synthesized by Cosmo Genetech, South Korea.

Bioinformatic analysis of the target proteins

The 3D structure of selected SARS-CoV-2 proteins was modelled
using Phyre [28]. The structure refined by Galaxy refine server to
minimize distortion [29]. The 3D structure subjected to the PRO-
CHECK server for Ramachandran plot analysis as a measure of
quality and validation [30] and visualized with Pymol (Schrödin-
ger, LLC; Version 1.2r3pre). Expasy Protpram online server
Reference

asd Lab stock
A This study

This study

YA-argF) U169recA1 endA1
thi1 gyr A96 relA1k�

Lab stock

This study
This study
This study

3 This study
l, k (DE3) Lab stock

This study
This study
This study
This study

dA1 recA1 hadR17 deoR thi-1 Lab stock

2A This study

r; Kanamycin resistance Novagen, USA
i Addgene, USA
oter, pBR322 ori Lab stock

CCGACTGAA

TGAGACGC

This study

TACTGTAT

ATATATTG

This study

GTACACGTT

AAAGCAAT

This study

ATTAAATGTTG

GCCTGTT

This study

AGAGTC
GTGGCCTG

This study

TGGAAGAA
TCATG

[71]

GAGTGACAA
TACAACCC

[71]

CCAT
GCTCA

[71]

CGGA
TGCT

[71]

GGC
TGCA

[71]



Fig. 1. Construction and characterization of the pJHL204-V-P2A vaccine. (A) The refined 3D models of SARS-CoV-2 proteins and the strategy of vaccine design using P2A
peptides is depicted. 3D model of the fusion vaccine construct, V-P2A is shown and indicates the individual components: RBD (red), HR (green), M (blue), nsp13 (yellow) and
P2A peptide (deep blue). (B) The SFV replicon vector, pJHL204, is depicted. The CMV promoter, SFV replicase (nsp1–4), SFV sub-genomic core promoter, SV40 promoter, MCS
region, polyadenylation signal (pA), asd marker and pBR origin are represented.
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(http://web.expasy.org/protparam) was applied to determine the
physicochemical attributes of proteins. The self-optimized predic-
tion method (SOPMA) was employed to predict secondary confor-
mational states [31]. Additionally, VaxiJen 2.0 server [32] was used
to know the antigenicity of proteins. Ellipro servers [33] and
BCpred 2 [34] were used to determine the conformational and lin-
ear B-cell epitopes, respectively. NetCTL.1.2 server [35] and
NetMHCIIpan 3.2 server [36] were used to identify the presence
of cytotoxic and helper T cell epitopes.

Vaccine design and construction

We used a SFV replicon-based vector for vaccine construction
after making several modifications to pSFV3-lacZ as described in
Fig. 1 [11]. Briefly, the SP6 promoter and lacZ were replaced with
the cytomegalo virus (CMV) promoter and multiple cloning site
(MCS) sequences, respectively. MCS comprises the ApaI, AscI, PacI,
AsiSI and PsiI restriction sites. Furthermore, to enable antibiotic-
free maintenance of the vector, the ampicillin resistance marker
was replaced with asd, an auxotrophic marker, using AscII and SphI
restriction enzymes. The resultant plasmid was designated as
pJHL204. The fusion gene was cloned into pJHL204 and the result-
ing vaccine construct was designated as pJHL204-V-P2A. We used
a live-attenuated ST with the genotype Dlon DcpxR DrfaL, DpagL::
lpxE and Dasd, designated as JOL3000, as the vaccine delivery vehi-
cle. The vaccine strain was prepared by electroporation of JOL3000
with pJHL204-V-P2A. The resulting vaccine strain was designated
JOL3014. The vector control strain was prepared by electroporation
of JOL3000 with pJHL204 only and the control strain was desig-
nated as JOL3015.

Recombinant protein expression and purification and preparation of
antibodies

Individual target antigens were expressed in E. coli DE3 host
using pET28a(+) as a vector. Briefly, the genes were cloned into
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pET28a(+) vector following standard directional cloning methods,
and the resultant plasmids were used to transform E. coli DH5-a
strain. After colony PCR confirmation, the recombinant plasmid
was extracted and used to transform E. coli DE3. The protein
expression was induced at 37 �C with 1 mM IPTG for 2–4 h. Follow-
ing confirmation of protein expression by SDS-PAGE, the protein
was purified by Nickel-NTA column chromatography (Takara,
Japan) by the urea lysis method. We expressed a truncated M
protein of about 14 kDa that consists of major immunodominant
epitopes (Supplementary Fig. 3). The selected region comprises
304-666 bp which spans amino acids 102–222 of the C-terminal
M protein. The antibodies against individual proteins were raised
in rabbits as described elsewhere [37].

Confirming the expression of the vaccine construct

Murine macrophage cells, RAW264.7 in 6-well plates were
infected with JOL3014 (pJHL204-V-P2A) at 50 MOI for 3 h. The
wells were washed and incubated with 100 mg/mL gentamycin-
containing media to kill the external bacteria for 1 h. After 48 h
of incubation, the expression of the vaccine construct was deter-
mined by RT-PCR, western blot and IFA. For RT-PCR, RNA was
extracted by Trizol method (GeneAll, South Korea) and cDNA was
prepared. Expression of full-length construct was confirmed by
PCR. The thermal cycling protocol included an initial denaturation
at 95 �C for 5 min, followed by 35 cycles of amplification at 30 s
and 95 �C for denaturation, 30 s at 54 �C for annealing and 2 min
for extension at 72 �C.

To prepare cell lysate for western blotting, 150 mL RIPA lysis
buffer was added to cells and kept on ice for 15 min. Cells were
subjected to 2–4 cycles of sonication for 5 s with a 60 s gap at
50% amplitude. The lysate was centrifuged at 10000g for 15 min
at 4 �C. The supernatant was mixed with an equal volume 2�
SDS sample buffer and run on a 12% gel. Samples were transferred
to a nitrocellulose membrane (Bio-Rad, USA) and incubated with
3% BSA at room temperature for 2 h to block unsaturated sites. Pri-
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mary antibodies raised in rabbits were used at 1:500 dilution and
allowed to interact with at 4 �C overnight. The anti-rabbit IgG-HRP
antibody at 1:6000 (Southern Biotech, USA) was added and incu-
bated for 1 h at 37 �C. The chromogenic development of mem-
branes was done using DAB substrate and images were
documented.

Immunofluorescence assay (IFA) was performed to detect the
expression of the vaccine construct using individual rabbit anti-
bodies at 1:200 dilution as described later in the Methods. Cells
infected with JOL3015 (vector control) served as negative controls.
Vaccine safety and localization of ST

A group of mice (N = 8) were administered 1 � 107 CFU of the
vaccine strain, JOL3014 intramuscularly and monitored for the
appearance of any disease symptom, weight loss and mortality
for up to 30 days. At 3 and 5 days post-infection, two mice were
sacrificed to collect liver and spleen samples. The samples were
subjected to histopathological (HP) and IFA analyses to determine
the extent of damage and localization of ST, respectively. Quantita-
tive bacterial counts were determined by plating tissue homoge-
nates on BGA agar.
Mouse immunization and sampling

A group of mice (N = 8) were immunized with JOL3014 at a dose
of 1 � 107 CFU by intramuscular injection. Another group of mice
(N = 8) served as non-immunized controls and were given ST car-
rying empty vector (JOL3015). A third group of mice (N = 8) did not
receive any treatment and served as healthy controls. At three
weeks post-immunization, four mice from each group were sacri-
ficed and single cell suspensions of splenocytes were prepared as
described previously [38]. Sera samples were collected 3 and
5 weeks following immunization (N = 4). Sera were subjected to
heat inactivation at 56 �C for 30 min.
FACS, splenocyte proliferation and cytokine measurement

The splenocytes were cultured in 10% DMEM in a 96-well plate
at 1 � 105 cells/well for FACS and splenocyte proliferation assays
and in 12-well plate at 1 � 106 cells/well for cytokine measure-
ment. The splenocytes were stimulated with 400 ng of individual
recombinant proteins in separate wells for 48 h. To ascertain the
changes in T cell populations by FACS, splenocytes were stained
with FITC-labeled anti-CD8a, PerCPVio700-labeled anti-CD4 and
PE-labeled anti-CD3e antibodies (Miltenyi Biotec, Germany). T-
cell subpopulations CD3+CD4+ and CD3+CD8+ were gated from
CD3+ cells and analyzed using the MACSQuant analysis system
(Miltenyi Biotec, Germany). Splenocyte proliferation was deter-
mined by a standard MTT assay and proliferation index was calcu-
lated by dividing A570 values from immunized mice with that of
control mice. For cytokine measurement, RNA was isolated from
splenocytes using a commercial kit (Hybrid-R, GeneAll, South
Korea). cDNA was synthesized (Elpis Biotech, South Korea) from
1 mg of purified RNA. Cytokine mRNA levels of TNF-a, IFN-c, IL-
10 and IL-4 were measured using SYBR Green PCR Master Mix
(Elpis Biotech, South Korea) and primers listed in Table 1. Thermal
cycling conditions were set as pre-incubation at 95 �C for 7 min fol-
lowed by 40 cycles of 30 s each at 95 �C, 58 �C, and 72 �C. The speci-
ficity of the PCR amplification and absence of contamination were
confirmed by melting peak analysis with a temperature gradient of
0.1 �C s�1 from 65 �C to 97 �C. Changes in mRNA levels in immu-
nized mice were determined by the 2�DDCT method using GAPDH
as an internal control [39].
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Enzyme-linked immune sorbent assay (ELISA)

End-point antibody titers in mice sera collected at weeks 3 and
5 post-immunization was determined by ELISA. Briefly, 96-well
high-binding polystyrene plates (Greiner Bio-One, Austria) were
coated with recombinant proteins at 2.5 mg mL�1 in carbonate-
bicarbonate buffer, pH 9.6 at 4 �C overnight. The wells were then
blocked at 37 �C for 1 h with 200 mL 5% skimmilk and washed three
times with 0.1% PBST. Serial dilutions of 100 mL sera were added to
the wells, and plates were incubated at 37 �C for 1 h and then
washed as above. HRP-conjugated goat anti-mouse IgG, IgG1 or
IgG2a antibody at 1:5000 or 1:3000 (Southern Biotech, USA) was
added and the plates were incubated at 37 �C for 1 h. Finally, fol-
lowing stringent washing, the assay was developed with 100 mL
of freshly prepared OPD substrate in phosphate-citrate buffer (pH
5.0) containing H2O2 at room temperature for 5–10 min in the
dark. The optical densities (OD) were read at 492 nm in a micro-
plate reader (Tecan, Switzerland) after stopping the reaction with
50 lL of 3 M H2SO4. The highest serum dilution yielding an absor-
bance 2.1-fold higher than negative control was recorded as the
endpoint titer [40].

Live virus neutralization assays

Microneutralization (MN) assay was carried out as described
elsewhere [41]. A 2-fold serial sera dilutions were made and incu-
bated with 200 TCID50 of SARS-CoV-2 at 37 �C for 2 h. Antibody-
virus complexes were added onto Vero E6 cell monolayers in 96-
well plates and incubated for 72 h. Plates were observed under a
microscope for cytopathic effect (CPE) daily for 3 days. Plates were
also analyzed by immunofluorescence assay. The highest sera dilu-
tion that resulted in complete inhibition of CPE in two of the four
wells was recorded as neutralizing antibody titer.

The neutralizing activity was also assessed by plaque reduction
neutralization test (PRNT) as described elsewhere [41], with sev-
eral modifications. A 2-fold serial sera dilutions were incubated
with 200 PFU of virus for 2 h at 37 �C. The virus–serum mixtures
were added onto Vero E6 cells in a 24-well plate in duplicates
and incubated for 1 h at 37 �C in a 5% CO2 incubator. The monolay-
ers were overlaid with 0.3% agarose (Takara, Japan) in 2% DMEM
and the plates were incubated for 5 days. The plates were fixed
for 1 h using 10% neutral-buffered formalin (NBF). Following care-
ful removal of the agarose overlay, plates were stained with fixing
and staining solution [42]. The maximum dilution causing a 50%
(PRNT50) or 90% (PRNT90) reduction in the plaque numbers was
identified as an antibody titer.

Immunofluorescence assay (IFA)

IFA was performed to study the replication of SARS-CoV-2 in
Vero E6 cells. Briefly, cells were fixed for 10 min with chilled 80%
acetone at �20 �C. Cells were permeabilized using 0.1% PBS-
Triton X-100 and then blocked with 3% BSA. A 1:500 dilution of
SARS-CoV-2 spike S1 primary antibody (Sino Biologicals, China)
was added and incubated overnight at 4 �C. After washing, cells
were stained with Alexa Fluor 488-conjugated donkey anti-rabbit
IgG (Invitrogen, USA) at 1:5000 as a secondary antibody, and DAPI
was used to stain the nucleus. Cells were observed under a Leica
Fluorescence microscope (Leica Biosystems, Germany).

Statistical analysis

Data analysis was performed by Student’s t test and repeated
measures ANOVA using GraphPad Prism 6.0 software (GraphPad,
USA) and IBM SPSS�. A p-value < 0.05 was considered significant.
Data in graphs are presented as the mean ± SEM with nsp > 0.05,
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*p < 0.05; **p < 0.01; ***p < 0.001. The statistical test employed and
number of animals is indicated in the figure legends.
Results

In silico analysis of the target proteins

Sequences for RBD, HR, M and nsp13 in SARS-CoV-2 genome
were retrieved from National Centre for Biotechnology Information
(NCBI). The protein sequences were analyzed in silico using various
bioinformatics tools. The refined three dimensional (3D) structures
were obtained from the Phyre-2 server; the sequences showed a
low percentage of outliners and the Ramachandran plots of the
proteins revealed the number of residues located in the favored
region (Fig. 1A and Supplementary Fig. S1). The molecular weight,
theoretical pI, estimated half-life in human reticulocytes, aliphatic
index, grand average of hydropathicity (GRAVY) and antigenicity
were observed to be distinct and varied among the proteins (Sup-
plementary Table S1). The predicted secondary structures showed
various percentages of a-helices, extended strands, b-turns and
random coils (Supplementary Fig. S2). The server-predicted B cell
epitopes of the target proteins are listed in Supplementary
Table S2 and depicted in Supplementary Fig. S3 and S4. A total of
7 cytotoxic T lymphocyte (CTL) epitopes in RBD, 3 in HR, 10 in M
and 4 epitopes in nsp13 were predicted with strong binding affin-
ity. In addition, 3 HTL epitopes in RBD, 3 in HR, 6 in M and 4 epi-
topes in nsp13 were predicted (Supplementary Table S2).

Construction and characterization of the pJHL204-V-P2A-based
vaccine candidate

The SARS-CoV-2 RBD, HR, M and epitopes of nsp13 were fused
using a self-cleaving peptide, P2A (V-P2A), and custom synthesized
(Fig. 1A). The strategy of using the P2A peptide allows the co-
expression of all four SARS-CoV-2 genes from a single open reading
frame (ORF) in a coordinated manner. To use the pSFV3-lacZ vector
for vaccine construction and expression in eukaryotic cells, the SP6
promoter was replaced with a CMV promoter (Fig. 1B). An MCS
sequence was used to replace lacZ for directional cloning of target
genes. The SV40 promoter was placed just before the SFV sub-
genomic core promoter to enable direct nuclear transcription of
the vaccine constructs. Importantly, the antibiotic marker was
replaced with asd, an auxotrophic marker for antibiotic-free clon-
ing and maintenance of the vector. The vector exploits non-
structural proteins (nsp) of SFV, named nsp1–4, which through a
self-amplifying mechanism lead to enhanced transgene expression
[9,10]. The resulting plasmid, pJHL204, was used to clone the target
gene resulting in pJHL204-V-P2A. The attenuated ST mutant called
JOL3000 was transformed with pJHL204-V-P2A, resulting in the
vaccine strain, JOL3014. The JOL3000 strain transformed with
pJHL-204 only served as the vector control strain, named JOL3015.

Characterization of protein expression from pJHL204-V-P2A

The expression of the vaccine construct in RAW cells delivered
by ST was characterized at mRNA and protein levels. At 48 h post-
infection with either the vaccine candidate JOL3014 or the control
JOL3015, cell lysates and RNA were prepared. RT-PCR analysis
revealed specific amplification of the full-length vaccine construct
(2.2 kb) from cDNA from RAW cells infected with JOL3014,
whereas no amplification was detected in cells infected with
JOL3015 (Supplementary Fig. S5). To characterize the protein
expression, western blotting and IFA were carried out using antis-
era against RBD, HR, M and nsp13 proteins. Western blot in lysates
from cells infected with JOL3014 revealed protein bands of 32, 14,
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25 and 10 kDa corresponding to the RBD, HR, M and nsp13 pro-
teins, respectively (Fig. 2A). The bright green fluorescence in the
cells infected with JOL3014 further confirmed the SARS-CoV-2 pro-
teins expression from the vaccine construct (Fig. 2B). Protein
expression was not detected in cells infected with JOL3015.
Together, the RT-PCR, western blot and IFA results confirmed the
co-expression of all four SARS-CoV-2 antigens from a single ORF.

Assessment of vaccine safety and Salmonella localization

Intramuscular administration of the vaccine strain to mice did
not cause any untoward symptoms and no mortality was recorded
during the entire experimental period. Importantly, no local
lesions, such as ulceration, abscess or necrosis, were observed at
the injection site. Histopathological analysis of liver and spleen col-
lected at days 3 and 5 post-infection revealed only minor inflam-
matory changes with negligible tissue damage (Fig. 3A). A tissue
dispersion of red pulp was evident. These changes were absent in
the samples collected after two weeks of infection (data not
shown).

IFA was carried out to characterize the localization of Salmonella
in the liver and spleen. Antisera against ST showed the presence of
Salmonella as fluorescent foci in the liver whereas dispersed fluo-
rescence was noted in the spleen (Fig. 3B). Quantitative bacterial
counts were determined by plating tissue homogenates on brilliant
green agar plates. An increase in colonization was observed from
day 3 to day 5 post-infection and was comparatively higher in
the spleen than the liver (Fig. 3C). By day eight, no colonies were
recovered from the liver and spleen. Together, these data indicated
the excellent safety profile of the Salmonella-based vaccination
strategy.

Evaluation of vaccine-induced cellular immune response

Mice were immunized with the vaccine strain JOL3014 through
the intramuscular route, and a group of mice infected with
JOL3015 served as a control. To determine the proliferation index,
cytokine profile and changes in the T cell sub-population, 4 mice
from each group were sacrificed at week 3 post-immunization.
The single cell suspensions of the mouse splenocytes were stimu-
lated with individual recombinant proteins to study the recall
response. Changes in the expression profile of transcripts for IFN-
c, TNF-a, IL-4 and IL-10 were evaluated by qPCR. Primer-directed
qPCR revealed a significant (p < 0.05) upregulation of about 1.9-
to 4.84-fold of IFN-c and 3.3- to 12.9-fold of TNF-a transcripts
(Fig. 4A). Similarly, a 2.3- to 4.3-fold increase in IL-10 transcripts
was recorded (p < 0.05). However, IL-4 transcripts were found to
be downregulated upon stimulation with RBD and nsp13
(p > 0.05), whereas an upregulation was observed in response to
HR (p > 0.05) and M proteins (p > 0.05). Overall, the upregulation
of Th1 cytokines IFN-c and TNF-a was comparatively higher than
that of Th2 cytokines IL-4 and IL-10, suggesting a Th1 polarized
immune response.

Flow cytometric determination of immunization-induced
changes in T cells revealed a significant increase (p < 0.05–0.001)
in the CD4+ and CD8+ T cell sub-population compared with the vec-
tor controls (Fig. 4B and 4C). The maximum changes in the CD4+ T
cell population of 5.13 ± 0.33% was observed in splenocytes stim-
ulated with HR whereas the maximum CD8+ T cell population of
1.4 ± 0.43% was recorded for RBD (Fig. 4C). The mean changes in
the CD4+ T cells in splenocytes stimulated with RBD, M and
nsp13 were 1.85 ± 0.4, 3.6 ± 0.5 and 2.91 ± 0.2%, respectively. Sim-
ilarly, the observed mean changes in CD8+ T cells in splenocytes
stimulated with HR, M and nsp13 were 0.83 ± 0.13, 0.43 ± 0.06
and 0.25 ± 0.016%, respectively. The mean splenocyte proliferation
index recorded for RBD, HR, M and nsp13 was 2.99, 3.44, 3.65 and



Fig. 2. Characterization of protein expression in RAW cells. The murine macrophage cell line, RAW was infected with the vaccine strain (JOL3014) or, vector control (VC),
JOL3015. The protein expression was determined by western blot and IFA. (A) Representative blot image demonstrating the co-expression of proteins. Specific
immunoreactivity was detected using antisera against each recombinant protein. Bands of 32, 14, 25 and 10 kDa corresponding to RBD, HR, M and nsp13, respectively, were
detected in the lysates of cells infected with JOL3014 but not in the lysates of cells infected with JOL3015. Mr- Protein molecular weight marker. (B) IFA image depicting the
expression of proteins in RAW cells. IFA was performed using antisera against each recombinant protein. Bright green fluorescence in JOL3014-infected cells is indicative of
protein expression; no such fluorescence was detected in the cells infected with JOL3015.
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3.23, respectively (Fig. 4D). Taken together, these data demonstrate
the induction of a strong T cell–mediated immune recall response
by the vaccine candidate.
Determination of vaccine-elicited antibody titers

The antigen-specific antibody titer in the mouse sera was deter-
mined by ELISA using individual recombinant proteins. The sera
collected at weeks 3 and 5 post-immunization was analyzed for
IgG, IgG1 and IgG2a antibodies. Immunized mice (with JOL3014)
mounted an antigen-specific antibody response to all four target
proteins (Fig. 5). The mean log10 endpoint titers of RBD-specific
IgG, IgG1 and IgG2a were 4.17 ± 0.21, 4 ± 0.17 and 3.88 ± 0.14,
respectively, at week 3 post-immunization, while the titers for
HR protein were 4.48 ± 0.14, 4.1 ± 0.27 and 4.4 ± 0.21. Endpoint
titers for nsp13 were 3.88 ± 0.144 (IgG), 3.58 ± 0.19 (IgG1) and
4 ± 0.18 (IgG2a). Among the antigen-induced antibody responses,
the lowest endpoint titers were recorded for M protein with titers
of 3.43 ± 0.18 (IgG), 2.82 ± 0.19 (IgG1) and 3.58 ± 0.14 (IgG2a).
Importantly, the immunoglobulin response was maintained at a
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similar endpoint titer at week 5 post-immunization with an
insignificant increase or decrease in the titer (Supplementary
Fig. S6). The order of maximum immunoglobulin titer recorded
was HR > RBD > nsp13 > M. Overall, the titer of IgG2a was compar-
atively higher than that of IgG1, indicating a Th1 dominant
immune response. The endpoint log10 antibody titer in vector con-
trols was < 2 for all proteins. These data indicated the highly anti-
genic nature of the co-expressed proteins, leading to effective
stimulation of the humoral response in mice.
Assessment of vaccine-induced neutralizing antibodies

The neutralizing antibodies in mouse sera were evaluated by
SARS-CoV-2 neutralization assays. The sera collected at week 3
post-immunization potently neutralized SARS-CoV-2 with a log2
neutralization titer of 9.0, evident by inhibition of CPE in two of
the four wells (Fig. 6A). Further, plaque reduction neutralization
test (PRNT) revealed PRNT50 and PRNT90 log2 antibody titers of
9.0 and 8.0, respectively (Fig. 6B). However, no neutralization
was observed in wells treated with vector control sera (Fig. 6A



Fig. 3. Assessment of vaccine safety and Salmonella localization. Mice (N = 8) were intramuscularly infected with JOL3014 at 1 � 107 CFU. Histopathological changes and
Salmonella localization in liver and spleen were studied. (A) Haematoxylin and eosin staining of liver and spleen collected at day 5 post-infection. Mild to moderate infiltration
of inflammatory cells was observed in liver (black arrowheads). Tissue dispersion of red pulp was observed in spleen. (B) IFA image illustrating the presence of Salmonella in
liver and spleen at day 5 post-infection. In liver, bacteria were visible as fluorescent foci (yellow arrowheads), whereas in spleen, the fluorescence was dispersed. V, central
vein of liver; R, red pulp; W, white pulp. (C) Bar diagram representing quantitative bacterial counts recovered from liver and spleen of mice (N = 2) at days 3 and 5 post-
infection with JOL3014. Data presented as mean ± SEM in log units.

Fig. 4. pJHL204-V-P2A vaccine induces strong cellular immune responses. Immune recall response was analyzed in mice at 3 weeks after immunization. Mice (N = 4) were
sacrificed; splenocytes suspension was prepared and stimulated separately with individual recombinant proteins. (A) Changes in the cytokine expression profile of IFN-c,
TNF-a, IL-4 and IL-10 transcripts determined by qPCR at 48 h after stimulation. (B) Representative flow cytometry plots showing changes in sub-populations of CD4+ and CD8+

T cells. (C) The percentages of CD4+ and CD8+ T cells were quantified and presented in the bar diagram. (D) Bar diagram showing splenocyte proliferation index. Mice (N = 4)
infected with JOL3015 served as vector controls (VC). Data information: Data represent four biologically independent mice per group. In (A, C and D), data represent the
individual value from each animal, and the bars reflect the mean values. Error bars denote SEM. Data were analyzed by independent-samples T test and ANOVA. ns p > 0.05, *
p < 0.05, ** p < 0.01 and *** p < 0.001.
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and B). These results were corroborated by the observation of inhi-
bition of SARS-CoV-2 replication by S1 spike immunofluorescence
assay (Fig. 6C). Collectively, these data suggested the induction of
potent SARS-CoV-2 neutralizing antibodies by vaccination.
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Discussion

In the present study, we describe the design and development
of a novel vaccine platform combining eukaryotic expression and



Fig. 5. pJHL204-V-P2A vaccine induces robust antibody responses. Endpoint antibody titer in mouse sera (N = 4) at week 3 post-immunization was determined by ELISA.
Antibody titers of IgG, IgG1 and IgG2a are represented from four biologically independent mice per group. Data represent the individual titer of each animal and the bars
reflect the means of the titers. Mice infected with JOL3015 served as vector controls (VC). Data are presented in log10 units. Error bars denote SEM. Data were analyzed by
independent-samples T test and ANOVA. * p < 0.05, ** p < 0.01 and *** p < 0.001.

Fig. 6. pJHL204-V-P2A vaccine elicits potent SARS-CoV-2 neutralizing antibodies. Mouse serum collected at week 3 post-immunization was assessed for SARS-CoV-2
neutralizing antibody titer using the Vero E6 cell line. (A) Representative image showing the inhibition of CPE in a microneutralization assay at different sera dilutions. At
dilution 512 one of the wells exhibiting CPE is shown (50% inhibition). NAb titer is presented in the right panel. (B) Representative PRNT image illustrating the inhibition of
plaque formation in wells treated with immune sera. PRNT50 and PRNT90 titer are presented in the right panel. (C) IFA analysis of neutralization by detecting the expression of
spike protein as a measure of viral replication. The degree of green fluorescence is proportional to the viral replication. Data information: The assay was repeated at least
twice. NAb and PRNT titers are presented in log2 units. JOL3014, vaccine strain; VC, vector control (JOL3015); VO, virus only control; MO, medium only control.
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Salmonella-mediated gene delivery to combat COVID-19. In 2020–
2021 during the global pandemic, we witnessed the development
of vaccines at an unprecedented rate. However, the emergence of
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new variants has caused concerns over future vaccine efficacy, as
most of the currently approved vaccines are based on the spike
protein [2]. These variant-derived mutations directly affect the
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receptor-binding affinity with an impact on the virulence and
transmissibility of SARS-CoV-2 [3,4,43–45]. A hard to diagnose
variant was recently discovered in France, further highlighting
the urgent need of alternative strategies to halt the evolving vari-
ants. Vaccines that target multiple viral proteins will add to the
current existing arsenal of COVID-19 prophylactics. With the
increasing number of mutations discovered, the development of
an efficient vaccine is critical to effectively fight the disease in
the near future.

To this end, we chose SARS-CoV-2 proteins such as RBD (spike
S1), HR (spike S2), M and nsp13 for the multicistronic vaccine
design (Fig. 1A). RBD perceives angiotensin-converting enzyme 2
(ACE2) on host cells and causes conformational changes in the S2
subunit resulting in viral internalization [46]. The role of anti-
RBD antibodies in protection has been well established with a
strong correlation between neutralizing antibody and RBD-
specific ELISA IgG titers [47–52]. The HR domain located within
the S2 subunit facilitates the membrane fusion required for viral
entry. Upon binding of RBD with ACE2, the HR domain forms a
six-helix bundle fusion core to bring viral membrane in close prox-
imity with host cell for fusion and infection [53,54]. Monoclonal
antibodies targeting the HR domain were shown to potentially
neutralize SARS-CoV-1 [55–57]. Additionally, unlike RBD, the HR
domain is highly conserved, and HR antibodies neutralized pseu-
doviruses expressing different S proteins containing RBD of various
clinical isolates [55]. This suggests the suitability of HR-based vac-
cines to confer protection against a wide range of variants. In one
study, an M protein–based vaccine augmented the immune
response induced by SARS-CoV nucleocapsid (N), and co-
immunization protected Brandt’s vole against the challenge infec-
tion [58]. Furthermore, highly reactive M protein antibodies were
detected in SARS-CoV convalescent sera, and rabbits mounted
robust antibody titers against M protein peptides [59]. Results
from previous studies on SARS-CoV and the presence of three
highly antigenic peptides spanning amino acids 5–20, 180–191
and 199–218 in the SARS-CoV-2 M protein (Supplementary
Fig. 3) indicate the inherent antigenic and immunogenic nature
of M protein. Consequently, in the current study, M protein was
incorporated in the vaccine design to enhance the broader immu-
nity elicited by the vaccine. In addition, selected T cell epitopes of
nsp13 were incorporated in the vaccine design to stimulate effec-
tive complementary immune responses. The nsp13 encodes an
enzyme, RNA-helicase, plays a vital role in viral replication within
the replication-transcription complex (RTC) [60]. The nsp13 is
highly conserved amongst coronaviruses and represents a promis-
ing anti-viral drug target [60]. Vaccines based on non-structural
proteins act by activating potent anti-viral T cell responses, partic-
ularly CD8+ T lymphocytes [61]. Therefore, targeting nsp13 may
aid protection through activation of cellular immune responses.
The current vaccine candidate encompassing multiple antigens
was designed to augment the humoral and cellular immune
responses, leading to multitudes of responses and extending
improved protection against COVID-19.

We used viral self-cleaving peptide, P2A, from porcine
teschovirus-1 to create a SARS-CoV-2 vaccine construct expressing
multiple antigens to surmount the limited immune response
induced by vaccines comprising a solitary antigen. The viral 2A
peptides result in separation of long viral polyproteins into individ-
ual proteins without disassembly of the ribosome [25]. Among the
several reported viral 2A peptides, P2A was selected because of its
high cleavage efficiency [62,63]. By harnessing the self-cleaving
feature of P2A, we expressed four SARS-CoV-2 proteins, and the
expression of all four proteins was confirmed by western blot
and IFA (Fig. 2). Previously, multicistronic expression of three M.
tuberculosis antigens and a GFP, was achieved by incorporating
viral self-cleaving peptides between each protein [64]. Notably, a
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cleavage efficiency of 90–100% has been documented in the litera-
ture for P2A peptides [62,63]. The results of protein expression and
immunogenicity assays demonstrate that the P2A peptide enabled
the expression of four SARS-CoV-2 proteins without compromising
their expression stability and protein folding.

The limited translation of conventional DNA vectors to humans
is a result of the failure of vectors to induce strong immune
responses; this can be overcome by SFV vectors that permit
enhanced transgene expression [9,10]. To exploit these features
of the vector and to overcome the limitations, we designed a
DNA-based vaccine construct (Fig. 1B) with Salmonella bactofection
for gene delivery. The engineered ST strain, JOL3000, was highly
attenuated in a murine model and exhibited low endotoxicity as
assessed by cytokine profile in the infected mice [21]. Moreover,
lpxE expression in Salmonella lessened its virulence in mice by five
orders of magnitude without compromising immunogenicity and
heterologous antigen delivery [21]. The histopathological analysis
of liver and spleen from infected mice showed only minor tissue
damage with mild inflammatory cell infiltration, further confirm-
ing the excellent safety of ST-mediated gene delivery (Fig. 3A).
The vaccine strain was recovered from the liver and spleen of mice
for at least five days (Fig. 3C), which ensures the optimal delivery
and expression of the construct. Unlike RNA and DNA vaccines,
ST does not require the addition of adjuvants, delivery systems
or immunomodulators, which minimizes the intricacy and cost of
vaccine manufacturing [27]. To elicit humoral response, the anti-
gen does not have to be expressed in a professional APC; however,
for a cellular response, the antigen must be formed either within a
professional APC or by a cell that can cross-present the antigen
[27]. This is one of the major drawbacks of DNA and RNA vaccines,
as the uptake of DNA and RNA occurs mostly by non-immune cells
[27]. This limitation is effectively overcome by Salmonella as it
delivers DNA cargo directly to professional APCs, such as macro-
phages and DCs [23,24], leading to robust T cell responses.

We recorded a mean log10 IgG titer of 3.43 to 4.48 against the
different antigens included in the construct (Fig. 5 and Supplemen-
tary Fig. 6). Furthermore, the log2 NAb titer of 9.0 and log2 PRNT90
titer of 8.0 was recorded against live SARS-CoV-2 (Fig. 6). Previ-
ously, the ChAdOx1 nCoV-19 vaccine elicited a log10 IgG titer of
2.66–2.77 with log2 NAb of 2.3–5.3 [51], while the DNA vaccine eli-
cited a log2 NAb titer of 6.2–7.4 in immunized monkeys [50]. Con-
sistent with the findings of elicitation of high log10 IgG titer of 5.0
and log2 NAb titer of 9.84 by the mRNA-RBD vaccine, significant
protection was observed against the challenge infection in mice
[48]. Furthermore, the NAb titers recorded in our study are compa-
rable to or exceed the NAb titers of convalescent human sera
[47,48]. Notably, an inactivated vaccine, although induced a NAb
titer of < 1:100, protection was observed against the SARS-CoV-2
challenge [65]. The NAb titer recorded in our study is at least 5-
times higher, which would be anticipated to confer protection.
Although the correlates of protection are yet to be fully under-
stood, specific memory T cells are likely to extend the long-term
protection, suggesting the vital role of cellular immune responses
in protection. We observed a strong cellular recall response with
significant increases in CD4+ and CD8+ T cells (Fig. 4), indicating
the ability of vaccine to elicit strong cellular responses. The num-
ber of M-specific CD4+ T cells was relatively higher than that
recorded for RBD, suggesting the potential immunodominant nat-
ure of M in the induction of CD4+ T cells. In a study on COVID-19
patients, a co-dominant CD4+ T cell response was observed for
spike, M and N proteins and the authors opined that the incorpora-
tion of other SARS-CoV-2 structural proteins such as M and N to
better mimic the CD4+ T cell response observed in natural infection
[66]. The observations further indicated the benefits of targeting
other antigens, such as M and N, to achieve an optimal vaccine-
elicited CD8+ responses [66]. One of the pitfalls of vaccines is the
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antibody-dependent enhancement (ADE) of disease, which is char-
acterized by a Th2 response [66]. In this study, we observed a Th1
polarized response as indicated by the higher upregulation of pro-
inflammatory cytokines like IFN-c and TNF-a (Fig. 3A). This is cor-
roborated by the humoral response data wherein higher IgG2a
titers were recorded in the immunized mice (Fig. 5 and Supple-
mentary Fig. 6). Notably, individuals in the convalescent phase
had strong memory T cells despite the absence of detectable
SARS-CoV-2 antibodies [67,68], further highlighting the critical
role of T cell responses.

We present here a strategy for development of multicistronic
vaccine using ST as an optimal delivery vehicle. Due to the lack
of animal models to test S. Typhi, S. Typhimurium serves as a pre-
clinical model organism for studies in mice [69]. S. Typhi has been
validated in humans as a safe and effective vaccine carrier and
immunity was documented against heterologous antigens deliv-
ered by S. Typhi [70]. Importantly, oral route of delivery elicits
strong mucosal immune response coupled with humoral and cellu-
lar responses, which is desirable for protection against gut and res-
piratory pathogens, such as SARS-CoV-2 [70]. Therefore, S. Typhi
may be utilized for human translation after confirming the efficacy
of the vaccine in mouse and hamster models of SARS-CoV-2.
Conclusion

In conclusion, this is the first study describing a multicistronic
SARS-CoV-2 vaccine combining eukaryotic expression and Sal-
monella bactofection. We demonstrate that the Salmonella bacto-
fection ensured optimum in vivo gene delivery, and through a
P2A enabled multicistronic expression, the multicistronic vaccine
elicited potent anti-SARS-CoV-2 immunity. The candidate exhibits
key benefits in the ease of updating DNA sequence and manufac-
turing large doses of vaccine, which can be achieved in few days.
These findings have implications to develop an effective and sus-
tainable vaccine to combat SARS-CoV-2 and its variants.
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