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INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
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1,23

Abstract

Aims: This study aimed to provide a safe, stable and efficient SARS-CoV-2 oral
vaccine development strategy based on the type III secretion system of attenuated
Salmonella and a reference for the development of a SARS-CoV-2 vaccine.
Methods and Results: The attenuated Salmonella mutant AhtrA-VNP was used
as a vector to secrete the antigen SARS-CoV-2 based on the type III secretion sys-
tem (T3SS). The Salmonella pathogenicity island 2 (SPI-2)-encoded T3SS promoter
(sifB) was screened to express heterologous antigens (RBD, NTD, S2), and the SPI-2-
encoded secretion system (sseJ) was employed to secrete this molecule (psifB-ssel-
antigen, abbreviated BJ-antigen). Both immunoblotting and fluorescence microscopy
revealed effective expression and secretion of the antigen into the cytosol of mac-
rophages in vitro. The mixture of the three strains (BJ-RBD/NTD/S2, named AisVax)
elicited a marked increase in the induction of IgA or IgG S-protein Abs after oral
gavage, intraperitoneal and subcutaneous administration. Flow cytometric analysis
proved that AisVax caused T-cell activation, as shown by a significant increase in
CD44 and CD69 expression. Significant production of IgA or IgG N-protein Abs was
also detected by using psifB-sseJ-N(FL), indicating the universality of this strategy.
Conclusions: Delivery of multiple SARS-CoV-2 antigens using the type III secre-
tion system of attenuated Salmonella AhtrA-VNP is a potential COVID-19 vaccine
strategy.

Significance and Impact of the Study: The attenuated Salmonella strain AhtrA-
VNP showed excellent performance as a vaccine vector. The Salmonella SPI-2-
encoded T3SS showed highly efficient delivery of SARS-COV-2 antigens. Anti-loss
elements integrated into the plasmid stabilized the phenotype of the vaccine strain.

Mixed administration of antigen-expressing strains improved antibody induction.
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is the most serious challenge humanity has faced in a
century. The spike (S), membrane (M), envelope (E)
and nucleocapsid (N) proteins are the four structural
proteins of SARS-CoV-2. This novel coronavirus shares
approximately 82% genomic similarity with the SARS
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coronavirus (SARS-CoV) from the 2003 outbreak (Lan
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et al., 2020). During the early development of vaccines
against SARS-CoV, researchers found that antibodies
against the S protein were efficient in neutralizing the
virus and preventing infection (Buchholz et al., 2004),
making the S protein of SARS-CoV-2 a prime target for
current vaccine development (Chen et al., 2021; Nguyen
et al., 2020).

Several research institutes and pharmaceutical compa-
nies are rapidly developing vaccines against SARS-CoV-2,
including live attenuated vaccines, recombinant virus vec-
tor vaccines, inactivated virus vaccines, protein subunit
vaccines, virus-like particle vaccines and nucleic acid vac-
cines (Jeyanathan et al., 2020; Wang et al., 2021). However,
the current vaccines are still not sufficient to meet the
global demand due to various factors, such as low produc-
tion and high price (Choi, 2021). The detection of SARS-
CoV-2 antibodies in a wide range of wild white-tailed deer
(Chandler et al., 2021) and virus fragments in wastewater
that may have originated from nonhuman hosts (Smyth
et al., 2021) suggest the possibility of viral transmission
between wild animals and humans. Therefore, there is an
urgent need for an immunization strategy that can be ap-
plied to large numbers of animals. Oral delivery is a major
advantage of attenuated strain vector-based vaccines,
which have received much attention (Sears et al., 2021).
Strain-vectored vaccines can exploit the immune response
of the mucosal system. Vaccines delivered via the muco-
sal route are designed to stimulate both local and systemic
immune responses, whereas vaccines using other injec-
tion methods mainly stimulate systemic immunity (Lin
et al., 2015; Zhang et al., 2021). This immunization route
is usually associated with fewer side effects and can lower
the threshold and cost of vaccination (Yang et al., 2021).
Attenuated Salmonella is a widely used oral vaccine vec-
tor. After oral administration, the strain targets M cells in
the Peyer's patches of the intestine (Jensen et al., 1998)
and delivers antigens directly to antigen-presenting cells
(APCs), eliciting mucosal and systemic immune responses
(Mei et al., 2017).

The type III secretion system (T3SS) is a complex with
a needle tubing structure (Bai et al., 2018). This system
allows direct injection of virulence proteins expressed by
several Gram-negative bacteria (e.g. Salmonella) into the
cytoplasm of the host cell (dos Santos et al., 2019; Sears
et al., 2021). Some T3SS effector proteins are encoded
by Salmonella pathogenicity islands (SPIs) and are ex-
pressed only when Salmonella is inside APCs (Abrahams
& Hensel, 2006). This phenomenon enables the use of
live attenuated Salmonella vectors for delivery of the het-
erologous antigens of interest to the class-I antigen pre-
sentation pathway of intact professional APCs. SPIs are
chromosomal regions that carry virulence genes. To date,

five SPIs have been identified in Salmonella, and SPI-1
and SPI-2 have been the most intensively studied (Pinaud
etal., 2018). The T3SS encoded by SPI-1 functions mainly
in contact with host cells and transports bacterial effec-
tor proteins across the cytosolic membrane (T3SS-1). In
contrast, SPI-2 encodes a T3SS that is expressed within
the phagosome and transports effector proteins across
the vesicle membrane (T3SS-2) (Pinaud et al., 2018).
Homeostatic conditions, for example, low oxygen, in the
intestine lead to the expression of the SPI-1 and T3SS-1
related genes (Thompson et al., 2006). Then, T3SS-1
injects effector proteins encoded by SPI-1 into the host
cell to facilitate bacterial invasion. After these molecules
enter epithelial cells or macrophages, metabolic signals
such as low pH and low phosphate trigger the expres-
sion of the bacterial SPI-2 and T3SS-2 genes (Garmendia
et al., 2003).

VNP20009 (abbreviated as VNP), a widely studied
attenuated Salmonella, has been validated for safety in
phase I clinical trials (Toso et al., 2002). Our preliminary
study identified attenuated Salmonella VNP20009 as an
effective plasmid delivery vector (Cheng et al., 2014) as
well as a heterologous protein expression vector (Liu
et al., 2015), and our previous research also successfully
achieved a schistosome vaccine candidate based on an
attenuated Salmonella vector (Chen et al., 2011). We
also obtained an attenuated Salmonella mutant, AhtrA-
VNP, with a good safety profile, which has significantly
reduced splenic and hepatic virulence compared with
wild-type VNP, making it suitable for vaccine or drug
delivery vectors (Zhang et al., 2016). Here, we attempted
to engineer AhtrA-VNP as the SARS-CoV-2 antigen ex-
pression vector. We constructed a constitutive expres-
sion system of the J23100 promoter with the pelB signal
peptide and four inducible expression systems of the
hypoxia-inducible promoter (pNirB), SPI-1 promoter
(psopE) and SPI-2 promoter (psseJ and psifB) with the
sseJ signal peptide to express the SARS-CoV-2 RBD do-
main. The expression system equipped with the sifB
promoter and sseJ signal peptide (psifB-ssel) showed
optimal antigen delivery and efficient induction of spe-
cific antibodies. We then used this system to construct
engineered bacteria expressing multiple domains of the
S protein, including the RBD, NTD and S2. Higher lev-
els of IgA or IgG antibodies against the S protein were
induced in mice immunized with the hybrid strains
after oral gavage, intraperitoneal or subcutaneous ad-
ministration. The bacterial vector vaccine based on the
psifB-ssel secretion expression system and the immune
strategy of the bacterial hybrid formulation are expected
to provide a reference for the development of vaccines
for COVID-19 or other diseases.
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MATERIALS AND METHODS
Cells, strains and plasmids

RAW264.7 macrophages were preserved in our labo-
ratory. RAW264.7 cells were induced using 100ng/
mL LPS (Beyotime, S1732, China) for 24h to obtain
RAW264.7 (M1-like) cells. The AhtrA-VNP strain used
in this article was obtained from a previous construction
and preserved in our laboratory (Zhang et al., 2016).
The constitutive promoter J23100, hypoxia promoter
NirB and secretion signal peptide PelB were described
previously (Liu et al., 2015; Zhang et al., 2016). The
SPI-1-related promoter sopE and SPI-2-related promot-
ers sseJ and sifB and their corresponding signal pep-
tide sse] were obtained by PCR amplification using
the VNP20009 genome as a template. The RBD, NTD
and S2 domains in the S protein and N(FL) of SARS-
CoV-2 were all based on related plasmids (pUC57-2019-
nCOV-S (Escherichia coli), GenScript, China; pET28a-N
(SARS-CoV-2), Miaoling, China) as a template for PCR
amplification (Vazyme, P131-01, China), and the re-
lated sequences are shown in Table S1. The N-terminus
of each signal peptide was coupled with all or part of
the sequence of the RBD, NTD, S2 and N (FL) antigen
molecules through Linker to realize its secretion. The
asd gene (ASD), Alp7 hok/sok (AHS) and Axe/Txe (AT)
were synthesized as described previously (Faridani
et al., 2006; Fedorec et al., 2019; Yan et al., 2013). The
target protein was fused to the HA tag to facilitate sub-
sequent detection. The plasmid pQE30, preserved in our
laboratory, was inserted with the AT element as a vector
template. The above corresponding fragments were as-
sembled by homologous recombination (Vazyme, C113-
01/02, China), and the correctness of the plasmid was
verified.

Electroporation transformation

The preparation of Salmonella competent cells was car-
ried out in accordance with the following procedure. A
single colony selected from the plate of activated attenu-
ated Salmonella strains was inoculated in LB broth (1%
peptone, 0.5% yeast extract, 1% NaCl) and cultured at
37°C to ODg, = 0.4-0.6. After incubation in an ice bath
for 15-30min, the bacterial liquid was centrifuged at
4°C and 5000 revmin ™" for 5 min to collect the bacteria.
The bacteria were washed once with precooled sterile
double-distilled water and collected by centrifugation
at 4°C and 5000revmin~" for 5min. The bacteria were
washed with precooled 10% glycerol and centrifuged at
5000rpm at 4°C for 5 min to collect the bacteria. The
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bacteria were then washed with 10% glycerol, and the
operation was repeated three to four times. The bacte-
ria were resuspended in 10% ice-cold glycerol to a con-
centration of 3.5x 10* CFU (colony forming unit)/mL or
more for electroporation. The recombinant plasmid was
transformed into attenuated Salmonella AhtrA-VNP
by electroporation according to the scheme described
above (Chen et al., 2011). All the electroporated bacte-
rial liquid was spread evenly on agar plates containing
kanamycin, and the final obtained colonies were the re-
combinant bacteria.

Plasmid stability and strain growth curves

We constructed recombinant attenuated Salmonella
AhtrA-VNP strains containing red fluorescent protein
(RFP) expression plasmids with different loss-resistant
elements and measured the expression of RFP to deter-
mine the stability of the plasmids. For assays in vitro, the
different strains were serially passaged and diluted onto
LB plates without antibiotics. For assays in vivo, mice
were orally administered 1x10° CFU of the different en-
gineered strains per mouse, and spleens were collected
and weighed at 3, 6, and 9days postinoculation. Tissue
samples were homogenized by punching with 0.5% Triton
X-100 (Sigma, 9002-93-1) in PBS at room temperature and
adding 0.5% Triton X-100 at a ratio of 2:1 (0.5% Triton X-
100 volume: organ mass). The homogenate was diluted
in a 10-fold gradient with PBS, 50-100pl of the diluted
homogenate was applied to an agar plate without anti-
biotics, and the plasmid loss of the strain was calculated
based on the ratio between the number of colonies with
red fluorescence that grew and the total number of colo-
nies. For the detection of the growth curve of the strain,
individual colonies of each strain were selected from agar
plates and cultured in LB medium overnight. Inoculation
with 1x10* colony-forming units (CFUs) of strains was
used to start up cultures (six independent cultures for the
same strain) in liquid LB medium (200 ul) and then placed
in a microtiter plate. The cultures were grown for 36h at
37°C using the ‘medium’ speed and shaking amplitude
parameters, with optical density measurements (ODg,)
every 15min. The data were tested and recorded using a
microplate reader (BioTek).

Protein collection and Western blot assay

The engineered strains were incubated in 40 ml of LB
medium with kanamycin until the OD,,, was between
0.6 and 1.0. For the induction of the hypoxia pro-
moter NirB, the pNirB-sseJ-RBD (NJ-RBD) strain was
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cultured in screw-capped glass flasks filled with LB
medium. For the induction of the SPI-I promoter sopE,
the psopE-sse]J-RBD (EJ-RBD) strain was inoculated
in LB medium supplemented with 0.3 M NaCl. Then,
the solution was centrifuged at 5000 rpm and 4°C for
10 min, and the supernatant and precipitate were col-
lected. The precipitate bacterial cells were resuspended
in 5 ml of PBS, broken ultrasonically at 300 W on ice for
15 min (5-s sonication; 5-s interval) to collect the bacte-
rial total protein, and then centrifuged at 13,000 rpm
for 10 min, and total protein in the precipitated bac-
teria was contained in the supernatant. Proteins were
collected from the supernatant obtained in the first step
according to the trichloroacetic acid protein precipita-
tion protocol (Wu, Li, et al., 2022). The method for col-
lecting proteins expressed by engineered attenuated
Salmonella strains induced in cells is described below.
The strain obtained by amplification in LB medium
was centrifuged at 12,000 revmin~! for 10 min, and
then, the bacterial cells were adjusted to ODgy, = 1.0
with PBS. Subsequently, the bacteria and RAW264.7
cells (M1) were cocultured for 90 min at MOI = 10:1,
washed with PBS 3-4 times and cultured in cell me-
dium supplemented with 50 pg/ml gentamicin and 10%
serum. After 6 h, the total intracellular protein was col-
lected for subsequent detection. The concentration of
total protein in both the precipitate and supernatant
was determined by a BCA kit (Beyotime, P0012, China)
and adjusted to the same concentration. The protein
solution was mixed with 5x SDS loading (Beyotime,
P0015, China) and heated in a dry bath incubator at
95°C. A total of 20 pl of solution (approximately 15pg
of protein) was loaded for the Western blot assay. An
HA-tagged antibody (Sigma, F1804, USA) was used to
plot the expression and secretion of recombinant pro-
tein, and a secondary anti-mouse IgG antibody (CST,
7076, USA) was used.

Immunofluorescence analysis

The expression and secretion of recombinant protein
by BJ-RBD, BJ-NTD, and BJ-S2 recombinant bacteria
in cells were analysed with immunofluorescence. After
we obtained slides with RAW264.7 (M1-like) cells that
had engulfed the engineered bacteria according to the
above-mentioned method, they were washed three times
with PBS, fixed with 4% paraformaldehyde for 30 min at
room temperature, and washed three times with PBS.
Triton X-100 (0.5%, Sigma, 9002-93-1, USA) in PBS
was used to perforate the cells at room temperature for
30 min, and the cells were washed three times with PBS.
Subsequently, the punched cells were blocked with 3%

BSA at room temperature for 30 min and then washed
with PBS three times. Rabbit monoclonal HA (CST,
C29F4, USA) tag antibody was used as the primary anti-
body to incubate the slides overnight at 4°C. After three
washes with PBST, monkey anti-rabbit IgG fluores-
cent secondary antibody (Absin, abs20021, China) and
Salmonella fluorescent antibody (Jiangsu TargetPharma
Laboratories, Inc.) were incubated at room tempera-
ture for 1 h in the dark. After three washes with PBST,
the nuclear dye DAPI (Beyotime, C1002, China) was
added, and then, a fluorescence microscope (Carl Zeiss
Axioplan 2, Germany) was used to observe and photo-
graph the cells.

Immunization of mice

All procedures were conducted in compliance with all
the relevant ethical regulations and were approved by the
Nanjing University Institutional Animal Care and Use
Committee. BALB/c (7-8 weeks, female) mice were pur-
chased from Changzhou Cavens Animals Corporation.
Immunization methods for the mice included oral gav-
age (o0.g.) and subcutaneous (s.c.) and intraperitoneal
(i.p.) injection. After the engineered strains were in-
cubated overnight on a shaker at 37°C, they were ad-
justed to a uniform ODg, value with PBS and diluted to
the same concentration. Subsequently, 1x10° CFU per
mouse was immunized by o.g., 1x10’ CFU per mouse
was immunized by s.c. injection, and 1x10° CFU per
mouse was immunized by i.p. injection. The mice were
immunized at 7-day intervals for 3 consecutive weeks.
For the IgG antibody assay, blood was taken from the
ocular venous plexus at different time points. The ob-
tained blood was incubated at room temperature for
2-4 h, and after centrifugation at 3000 rpm at 4°C for
15min, the upper layer of serum was drawn and stored
at —80°C for subsequent experimentation. For the IgA
antibody assay, faecal samples were collected from each
mouse at different time points as described previously
(Gao et al., 2021). Briefly, 30mg per mouse fresh fae-
cal sample was frozen, lyophilized overnight, and then
homogenized in 300 pl of PBS. The resuspended faecal
material was centrifuged at 24,000 g for 8 min, and each
supernatant was then transferred to a clean tube and
stored at —20 °C until assayed.

Flow cytometry assay
The mouse spleens, collected 1week after three immuni-

zations (once a week), were ground and passed through a
cell sieve to obtain a single-cell suspension. After red blood
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cells were lysed with red blood cell lysis buffer (Solarbio,
R1010, China), 2x 10° cells per well were plated in a 24-
well plate in RPMI 1640 containing antibiotics and 10%
FBS. After the separated cells were stimulated with 20 pg/
ml S protein for 16h, anti-CD4-APC (BD, 553051, USA),
anti-CD8-PE (BD, 553033, USA) and anti-CD69-FITC (BD,
557392, USA) antibodies were used for cell surface marker
staining, and the stained cells were incubated in the dark
for 20min at room temperature. The cells were washed
and resuspended with 3% BSA and then analysed by flow
cytometry. For detection of CD44 expression, spleen cells
collected above were directly stained with the anti-CD44-
FITC (BD, 553133, USA) antibody without S protein stimu-
lation and analysed.

Enzyme-linked immunosorbent assay

ELISAs were performed to detect the total IgG antibody
titre. The recombinant RBD protein (Vazyme, CG201-00,
China), S protein (Vazyme, CG202-01, China) or N protein
(Vazyme, CG101-00, China) of SARS-CoV-2 was diluted to
10 pg/ml using 50mM carbonate buffer (pH 9.6), and the
diluent was coated onto separate 96-well plates with 100 pl
per well and left overnight at 4°C. The next day, after three
washes with PBST (once every 5 min), 300 pul of 3% BSA was
added to each well, and the plate was closed for 3 h at 37°C.
After three washes with PBST (once every 5 min), 100 ul of
serum or faecal sample diluted in a PBS gradient was added
to the wells. Next, HRP (horseradish peroxidase)-coupled
sheep anti-mouse IgG secondary antibody or sheep anti-
mouse IgA secondary antibody (1:5000 dilution in PBST)
was added to each well. After 1 h of reaction at 37°C, the
wells were washed three times (once every 5 min) with
PBST. Then, 100l of TMB substrate solution was added to
develop colour at room temperature for 5-10 min. When the
colour turned blue, 100l of 2 M concentrated sulfuric acid
was added to each well to stop, and then, the 450nM light
absorption of each well was measured. The endpoint titers
were defined as the result of the dilution that gave an ab-
sorbance over the cutoff value (0.1), which was calculated
based on the mean optical density of empty vector strain-
treated mouse serum.

Statistical analysis

Data were analysed with GraphPad Prism software ver-
sion 5 (GraphPad Software) and are expressed as the
mean +standard deviation (SD). Student's ¢ test was per-
formed to assess statistical significance. p values <0.05
were considered significant (*p<0.05; **p<0.01; and
k1 <0.001).

Applied Microbiology
RESULTS

Attenuated Salmonella AhtrA-VNP
effectively secretes RBD protein through
the SPI-2-encoded T3SS

The SARS-CoV-2 spike protein (S) is mainly composed of
three key domains, RBD, NTD and S2, among which the
RBD domain is frequently used as an immune induction
protein because it is the main binding site for viral recep-
tor (Nguyen et al., 2020) (Figure 1a,b). To identify the best
secretory expression system for recombinant protein with
attenuated Salmonella AhtrA-VNP, we preferentially se-
lected RBD protein as the effector antigen. Recombinant
antigens are expressed constitutively or inducibly by
strains after introduction into a host, and then, they are
taken up by APCs, which induce antibody production and
T-cell responses (Sizemore et al., 2006). Therefore, a stable
and efficient expression delivery system is crucial for the
presentation of heterologous antigens. The J23100 pro-
moter is a strong constitutive promoter that can achieve
the continuous expression and secretion of the recombi-
nant protein when paired with the pelB signal peptide.
Based on the above elements, we constructed the pJ23100-
pelB-RBD expression system (JB-RBD) as a baseline for
the strain's ability to express heterologous proteins. NirB
is a typical hypoxic promoter that can achieve controlled
protein expression in cells (Everest et al., 1995). SopE is a
widely studied SPI-1 promoter, while psseJ and psifB are
SPI-2 promoters (Xu et al., 2010). With the above promot-
ers and the classic SPI-2-type signal peptide (sseJ), we con-
structed the inducible expression systems pNirB-sseJ-RBD
(NJ-RBD), psopE-sse]J-RBD (EJ-RBD), psselJ-sseJ-RBD
(JJ-RBD) and psifB-sseJ-RBD (BJ-RBD) (Figure 1c). The
above plasmids had HA tags attached at the C-terminus of
the recombinant protein for subsequent detection.

A balanced lethal system based on nutrient deficiency
(Yan et al., 2013) or virulent gene elements (anti-loss ele-
ment) (Fedorec et al., 2019) is an effective strategy to prevent
plasmid loss and maintain the phenotype of recombinant
strains. To prevent the weakened immune effect caused by
plasmid loss, an anti-loss element is recommended, and
we first evaluated the effects of different anti-loss elements
(Figure S1). The results showed that the AHS, AT and ASD
elements all significantly prevented plasmid loss. Of these,
the AT element, which had better retention of the plasmid
without an obvious effect on strain growth (Figure S2), was
selected for insertion into the related plasmids. The novel
attenuated Salmonella mutant, AhtrA-VNP, which we de-
scribed before, was used as an expression vector, given its su-
perior safety (Zhang et al., 2016). A major advantage of using
Salmonella as a vaccine carrier is that it can survive and pro-
liferate in macrophages for a period of time and maintain
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FIGURE 1 Engineered attenuated Salmonella AhtrA-VNP effectively expresses and secretes recombinant RBD protein. (a) Schematic
diagram of the structure of the SARS-CoV-2 spike protein (PDB ID: 6ZWYV), which is composed of three main domains, RBD, NTD and
S2. The 3D structures of the complete S protein and each structural domain were visualized using Mol* viewer. (b) Schematic diagrams

of regions of each part of the S protein selected for strain expression, including the RBD, NTD and part of the S2 domain. (c) Schematic

diagram of the secretory expression of RBD by means of an expression and secretion system composed of different promoters and signal
peptides, including the constitutive expression system JB-RBD and NJ-RBD, EJ-RBD, JJ-RBD and BJ-RBD based on the SPI-2-encoded T3SS
expression and secretion system. (d) The expression of the RBD protein in the precipitate and medium supernatant of the JB-RBD strain

described in ¢ was detected after culture in LB medium for more than 12 h. (e) The expression of the RBD protein in the NJ-RBD and EJ-

RBD strains described in ¢ was detected after culture in hypoxia or medium supplemented with 0.3 M NaCl for more than 12h. (f) The four

kinds of inducible expression engineered strains described in (c) were cultured in LB medium or cocultured with RAW264.7 cells for 6 h.

RBD protein expression in the bacteria cultured in LB medium and the macrophages containing the strain was detected. The black arrow

indicates the larger molecular weight sseJ-RBD protein expressed by the intracellular environment-induced strain. The red arrow indicates

the RBD protein with a smaller molecular weight, which was secreted into the cytoplasm by the bacteria via the T3SS and then cleaved at

the signal peptide by the enzymes. All data are representative of two independent experiments.

metabolic activity to achieve more precise and effective de-
livery of target antigens to macrophages (Rao et al., 2020;
Wu, Li, et al., 2022). To determine whether AhtrA-VNP has
similar effects, we examined the proliferation and survival
of wild-type VNP (wt-VNP) and AhtrA-VNP in macro-
phages. The results indicated that the AhtrA-VNP mutant
exhibited a similar ability to invade macrophages as wt-VNP,
as well as a certain degree of intramacrophage survival and
replication (Figure S3), consistent with the results of previ-
ous reports (Phillips & Roop 2nd, 2001; Zhang et al., 2016).
Therefore, we hypothesize that AhtrA-VNP can survive and
replicate at low rates after the invasion of macrophages, re-
sulting in efficient antigen presentation, while low systemic
toxicity makes it a safer vector for heterologous antigen pre-
sentation. To verify this finding, we obtained five kinds of
different engineered strains by transferring the above five
plasmids into AhtrA-VNP, and the expression and secretion

effects of effector proteins were examined under different
conditions. Immunoblotting demonstrated that the con-
stitutive secretion system JB-RBD can express the correct
recombinant RBD protein and secrete it into the superna-
tant of the culture medium (Figure 1d). None of the four
strains with the inducible secretion system could express
recombinant RBD proteins when cultured in LB, but when
the strains were coincubated with RAW264.7 macrophages,
high levels of recombinant RBD proteins were detected
in the lysates of macrophages invaded by the JJ-RBD and
BJ-RBD strains (Figure 1f). Notably, NJ-RBD and EJ-RBD
strains, which have been confirmed to express the target
protein under appropriate induction conditions, failed to
achieve protein expression after coincubation with mac-
rophages (Figure 1e,f). This may result from the failure to
meet the effective induction conditions. Based on the above
results, we evaluated the immune effect of the JJ-RBD and
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BJ-RBD systems in subsequent experiments and used JB-
RBD as a control.

The secretory expression of RBD protein
by attenuated Salmonella AhtrA-VNP
through the psifB-sseJ system has a more
efficient IgG antibody induction effect

Strains with constitutive expression and a secretion system
can continuously express and secrete recombinant RBD
protein, which is then phagocytosed, recognized and pre-
sented by APCs. In contrast, the strain with SPI-2-encoded
T3SS was activated in the Salmonella-containing vacuole
after phagocytosis by APCs and initiated the expression
of recombinant RBD proteins. The heterologous protein
would be directly “injected” into the cells through the T3SS
of Salmonella with the assistance of the sseJ signal peptide
and then efficiently recognized, degraded and presented
(Figure 2a) (Walker et al., 2017). There was no significant
difference in growth between the three selected engineered
strains (JB-RBD, JJ-RBD, BJ-RBD) and the empty-vector
strain (AhtrA-VNP strain loaded with plasmid but with
no protein expression function) in vitro. These strains all
reached a growth plateau after 27 h of culture in LB medium
(Figure 2c). The four strains were immunized by oral gav-
age (0.g.) administration to wild-type Balb/c mice, and the
blood was obtained by retro-orbital puncture from anaes-
thetised mice 1 week after the third vaccination to detect the
production of specific IgG antibodies against RBD protein
(Figure 2b). The results showed that the three kinds of engi-
neered strains we constructed could effectively induce mice
to produce specific IgG antibodies against the RBD protein.
Notably, systems with promoters and signal peptides of
the SPI-2-encoded T3SS (JJ-RBD, 0.4862+0.6186; BJ-RBD,
0.8042+0.2033; mean+SD) showed higher humoral im-
mune activation than the constitutive expression and se-
cretion system (JB-RBD, 0.2928 +0.0645), representing the
OD,5, value of serum IgG, while the system regulated by the
sifB promoter showed the best results, with a 2.75-fold in-
crease compared with JB-RBD and a 1.65-fold increase com-
pared with JJ-RBD (Figure 2d). Therefore, the psifB-ssel
system was chosen for the follow-up study.

Attenuated Salmonella AhtrA-VNP
effectively secretes the RBD, NTD and S2
proteins through the psifB-sseJ system

Both the NTD and S2 domains are key components of the
S protein and can also induce the production of specific
neutralizing antibodies (Figure 1a) (Wang et al., 2019).
Therefore, we tried to use the screened psifB-sseJ system to
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express and secrete the NTD and S2 proteins by attenuated
Salmonella AhtrA-VNP (Figure 3a). The final expression
and secretion effect of the bacteria on the protein are related
to the size of the protein, especially with the aid of T3SS
(Van Engelenburg & Palmer, 2010). Based on the predicted
antigenic determinant regions on the NTD and S2 regions
(Lin et al., 2020), we selected the full-length NTD domain
and part of the S2 domain for expression and secretion by
the BJ-NTD and BJ-S2 strains (Figure 1b). After coculture of
the engineered strains with RAW264.7 cells for 90 min, the
extracellular strains were removed, and the cells were cul-
tured for another 6 h. The protein expression and secretion
by the strains were detected by Western blotting. The results
showed that the psifB-sseJ system could effectively induce
the expression of the RBD, NTD, and S2 proteins after cocul-
ture of the strains and macrophages. Significantly cleaved
bands, indicating that the target protein was secreted into
the cytoplasm by the strain, were observed (Figure 1f and
3c). Immunofluorescence images revealed that all four
strains (green) could be phagocytosed by macrophages after
coculture. Colocalization of fluorescently labelled HA tags
reveals that the intracellular strains, including BJ-RBD, BJ-
NTD, and BJ-S2, achieved high efficiency and induced pro-
tein expression (red). The expressed protein diffused into the
cytoplasm of macrophages, indicating the effective secretion
of the protein into the cytoplasm by the strain (Figure 3d).
To test the timeliness of this intracellularly induced secre-
tory expression system, we cocultured the BJ-RBD strain
with macrophages following the above method and then
continued to coculture for 2, 6 and 12 h. The results of im-
munoblotting showed that the expression and secretion of
the RBD protein by intracellular strains could be detected
within 2 h, and the levels of recombinant protein were
close among the three different time points, indicating the
rapid responsiveness and long-term stability of this system
(Figure 3e).

A hybrid formulation of multiple strains
expressing different domains of the

S protein effectively induces specific
IgA and IgG antibodies and T-

cell activation

Cocktail treatments combining neutralizing antibod-
ies (nAbs) that recognize epitopes on the NTD, RBD or
S2 or different epitopes on the same segments have been
found to have synergistic effects and minimize the occur-
rence of antibody escape mutants, potentially enhanc-
ing nAb efficacy in preventing COVID-19 (Suryadevara
et al., 2021). To test the efficacy of the BJ-RBD-, BJ-NTD-
and BJ-S2-engineered bacterial vector vaccines and to
identify a more efficient vaccine, we matched and mixed
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ein, 920 which is then recognized, processed and transmitted by antigen-

presenting cells (APCs). 921 After the strain is recognized and phagocytosed by APCs, it will be activated inside the 922 cell and express and

secrete the RBD protein into the cytoplasm with the aid of the 923 T

3SS. The heterologous protein is then cleaved and presented by APCs

and eventually 924 induces T-cell activation and B cells to produce antibodies. (b) Mice were immunized 925 with four kinds of engineered

strains by oral gavage (0.g.) administration, once a week, 926 and the serum was collected to detect specific IgG antibodies one week after

the third 927 immunization. (c) Detection of the growth curves of fo

ur kinds of engineered bacteria 928 over 36 h (n = 6). (d) Comparison

of four kinds of strains induced specific IgG antibody Only 929 against RBD protein determined by ELISAs in (b). The immunized mouse

serum was 930 tested after 100-fold dilution, and the strain carrying
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the empty plasmid was used as the 931 normal control (n = 5). All data
e reported as the mean + SD. Statistics were calculated using a two-

tailed, 933 unpaired Student's ¢ test with Welch's correction. *p <0.05, ***p <0.001.

the above engineered and empty vector strains (BJ-RBD,
BJ-NTD, BJ-S2 and EV) to obtain eight different sets of
hybrid bacterial formulations and separately immunized
the mice by o.g. administration (Figure 4a,b). To exclude

the interference of the protein quantity on the results, we
mixed the strains in equal proportions. A consistent total
dose of bacteria was maintained, and the necessary quan-
tity was filled with empty strains. IgG antibodies against S
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FIGURE 3 The psifB-sseJ system allows efficient expression and secretion of the RBD/NTD/S2 proteins by attenuated Salmonella
AhtrA-VNP. (a) Schematic diagram of the SPI-2-encorded T3SS expressing recombinant RBD, NTD, and S2 proteins. Through
electroporation of the above plasmids into AhtrA-VNP, three kinds of engineered AhtrA-VNP strains, BJ-RBD, BJ-NTD, and BJ-S2, were
obtained. (b) Schematic diagram of the activation and expression of the three engineered AhtrA-VNP strains to secrete antigen proteins. The
strain was activated to express and secrete heterologous protein after being engulfed by APCs. (c) Western blotting was used to detect the
expression and secretion of recombinant protein by the BJ-NTD and BJ-S2 strains. After the two strains were cocultured with RAW264.7
cells at 10:1 for 90 min, 50 pg/ml gentamicin was used to kill the free extracellular strains. After culture for another 6h, the recombinant
protein in the total protein of the cell lysate was detected. (d) After RAW264.7 macrophages were cocultured with the strain for 90 min and
the extracellular bacteria were removed and incubated for another 6 h, the expression and secretion of the recombinant protein by the three
strains in the cell were observed by immunofluorescence microscopy. The white arrow indicates the attenuated Salmonella AhtrA-VNP that
expressed and secreted the recombinant protein, bar = 10 um. (e) The BJ-RBD strain and RAW264.7 macrophages were cocultured at 10:1
for 90 min. After the free extracellular strains were removed, the coculture was continued for 2, 6, and 12h, and the levels of the intracellular
recombinant protein were detected by immunoblotting. All data are representative of three independent experiments.

protein in the serum were detected 1week after the third
immunization (Figure 4a,b). ELISAs demonstrated that
the presence of any BJ-RBD, BJ-NTD or BJ-S2 strain in the
hybrid bacterial formulation could induce the production
of IgG S-protein Abs. Notably, formulations containing
BJ-RBD and BJ-NTD or three strains (BJ-RBD, BJ-NTD
and BJ-S2) showed higher induction of S protein IgG anti-
bodies than other formulations (Figure 4c). The formula-
tion of three kinds of strains, BJ-RBD, BJ-NTD and BJ-S2
(subsequently referred to as AisVax), was selected for the
subsequent experiments because it had the highest abil-
ity to stimulate antibody production (Figure 4d). To assess
systemic immune activation and proprietary intestinal
mucosal immune activation by AisVax, we immunized
mice with saline (control), empty vector strain (vector) or
AisVax weekly via o.g. administration (1x10° CFU per
mouse), and serum and faecal samples were harvested at
1, 2, and 3weeks (Figure 4e). The results showed that o.g.

vaccination with AisVax could induce the body to produce
IgA and IgG Abs against the S-protein 1week after im-
munization, and the antibody titers were positively corre-
lated with the immunization time, indicating the efficient
activation of the mucosal and systemic immune systems
(Figure 4f,g). There was no significant production of spe-
cial Abs over time in the vector and control groups, neither
difference between these two groups (data not shown). We
also monitored mouse body weight before and after vac-
cination and found no significant differences (Figure 4h).
In addition, other routes of administration, including in-
traperitoneal (i.p., 1x10° CFU per mice) and subcutane-
ous (s.c., 1x10” CFU per mice) routes, were effective in
activating the systemic immune system and inducing spe-
cific IgG antibody titers similar to those of o.g. adminis-
tration 1week after the second immunization (Figure 4i).
The three different doses were selected based on effec-
tive doses within the tolerated dose range for different
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FIGURE 4 The hybrid bacterial formulation AisVax effectively induced specific IgA and IgG antibodies. (a) Operation diagram of

mice immunized with different combination schemes by oral gavage (0.g.) administration. Serum was collected 1 week after the third

immunization to detect the production of specific IgG antibodies against the S protein. (b) Schematic diagram of the structure of the

plasmids carried by the four engineered bacteria and the immunization combination scheme. With AhtrA-VNP strains carrying an empty

plasmid as an empty vector (EV) control, the three engineered bacteria expressing heterologous proteins were immunized individually or

combined in two or three and filled with EV strains to ensure the same number of bacteria. The total amount of bacteria administered was

1 x10° CFU per mouse per dose. (c) Mice were immunized with a total of eight different combinations in (b). Serum was collected 1week

after the third immunization and diluted 100 times, and then, ELISAs were performed to detect the production of IgG Abs against the S

protein (n = 4). (d) Schematic diagram of strain mixing. The mixed bacterial preparation vaccine obtained by mixing 3 different antigen-

expressing engineered bacteria is named AisVax. (e) Diagram of AisVax immunization of mice followed by detection of specific antibodies

at different times. (f, g) Comparison of IgA in (f) and IgG in (g) Abs against S protein production in fecal samples or serum before AisVax

immunization and 1, 2, and 3 weeks after 0.g. administration (n = 6). (h) Body weight changes of mice treated with saline (control), empty

vector strain (vector) or AisVax (n = 6). (i) AisVax was injected intraperitoneally, orally (gavage), and subcutaneously to immunize mice for

2weeks (once per week). Comparison of IgG S-protein Abs in mouse serum (n = 5). Data in (c), (f) and (g) are reported as the mean + SD.

All data are representative of three independent experiments. Statistics were calculated using the two-tailed, unpaired Student's ¢ test with

Welch's correction. ns, no significance.

routes of administration identified in previous studies
and are typical values for a variety of applications, includ-
ing vaccines and tumour treatments (Chen et al., 2011;
DiGiandomenico et al., 2004; Lalsiamthara et al., 2018).

CD44 is a classic activation and memory T-cell marker,
and its expression level is often used as an indicator to
evaluate the activation state of T cells, which can produce
long-term immune effects (Sommer et al., 1995). Flow
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cytometry was used to detect the changes in the content
of CD44" cells in the mouse spleens after immunization
with AisVax. The results showed that compared with vec-
tor immunization (5.6+0.2%), AisVax immunization ef-
fectively increased the percentage of CD44" cells in the
spleen (9.3 +0.3%) (Figure 5a,b). CD69 is an early activa-
tion marker for mature T cells stimulated by a specific an-
tigen (Testi et al., 1989). We compared CD69 expression
on the surface of CD4* T cells and CD8" T cells in the
mouse spleens of the saline group (control), the empty
vector group (vector) and the AisVax group (AisVax)
by flow cytometry. The results showed that AisVax im-
munization significantly increased the percentage of
CD69" CD4" T cells (1.9+0.1%) and CD69* CD8* T cells
(1.1£0.1%) compared with those of the empty vector
group (Figure 5c-f).

AisVax

Applied Microbiology

Expression and secretion of the N
protein through the psifB-sseJ system
by attenuated Salmonella AhtrA-VNP
effectively induces specific IgA and IgG
Abs in vivo

We obtained an efficient antigen expression system,
psifB-ssel, through the screening of promoters and signal
peptides and successfully obtained a hybrid bacterial for-
mulation vaccine, AisVax, based on this system. However,
SARS-CoV-2 is highly mutagenic, similar to other vi-
ruses. Once a large mutation occurs in some antigens of
the pathogen, a vaccine developed based on this antigen
may show a substantially reduced immune effect or even
fail (Wall et al., 2021). Therefore, a good vaccine vector
system should be able to rapidly switch to express other
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FIGURE 5 Orally administered AisVax promotes CD44" cell proliferation and CD4" and CD8" T-cell activation in vivo. Mice were

immunized three times with o.g. administration, once per week, with saline (control), empty vector strain (vector) or AisVax. The spleen
cells of the immunized mice were collected one week after the third immunization (n = 4). (a, b) Spleen cells were labeled with anti-CD44-
FITC antibodies and detected by flow cytometry. Flow cytometry plots (a) and quantitation with the percentages (b, left) and numbers (b,
right) are shown. (c-f) Spleen cells were collected and stimulated in vitro with heterologously expressed S protein for 16 h. Then, the cells
were labeled with anti-CD69-FITC antibodies, anti-CD4-APC antibodies, and anti-CD8-PE antibodies and detected by flow cytometry. Dot
plots assayed by flow cytometry (c, €) and the percentage and numbers of CD4"CD69" double-positive cells (d) and CD8*CD69* double-
positive cells (f) are shown. Data in b, d and f are reported as the mean + SD. All data are representative of two independent experiments.
Statistics were calculated using a two-tailed, unpaired Student's t test with Welch's correction. *, P < 0.05; **, P < 0.01; * * * *, P < 0.0001.
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key antigens or new mutant antigens. The rapid muta-
tion of the S protein during virus transmission has led to
a decrease in the protective efficacy of developed vaccines
(Wall et al., 2021), whereas vaccine strategies designed
on the basis of the nucleocapsid (N) protein, which is
more conserved than the S protein and highly immuno-
genic, have proven to be effective (Matchett et al., 2021).
Given this finding, we tried to use psifB-sseJ to express
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the nucleocapsid (N) protein, another widely used antigen
of SARS-CoV-2, to assess the universality of the system.
We connected the N-terminus of the N full-length protein
sequence to the sseJ signal peptide, while the C-terminus
was connected to the HA tag and expressed with the help
of the SPI-2 promoter sifB. Finally, we obtained the BJ-
N(FL) strain (Figure 6a). The immunoblot results indi-
cated that the BJ-N(FL) strain could express and secrete
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FIGURE 6 Attenuated Salmonella AhtrA-VNP uses the psifB-sseJ system to efficiently express and secrete N proteins and induce
specific antibodies in vivo. (a) Schematic diagram of the psifB-sseJ-N(FL) system structure. (b) Western blotting was used to detect the
expression and secretion of recombinant protein by the BJ-N (FL) strain. After the strain was cocultured with RAW264.7 cells at 10:1
for 90 min, 50 pg/mL gentamicin was used to kill the free extracellular strain. After culture for 6 h, the recombinant protein in the total

protein of the cell lysate was detected. (c) After the macrophages were cocultured with the strain for 90 min and the extracellular bacteria
were removed and incubated for another 6 h, the expression and secretion of the heterologous protein by the three strains in the cell were
observed by immunofluorescence microscopy. The white arrow indicates the engineered AhtrA-VNP strains that expressed and secreted

the heterologous protein, bar = 10 um. (d) Operation diagram of oral gavage (0.g.) immunization of mice with the BJ-N(FL) strain followed
by the detection of specific antibodies at different times. (e, f) Comparison of IgA in (e) and IgG in (f) Abs against N protein production in
fecal samples or serum before BJ-N(FL) strain immunization and 1, 2, and 3 weeks after o.g. administration (n = 6). (g) The BJ-N(FL) strain
was injected intraperitoneally, orally (gavage), and subcutaneously to immunize mice for 2 weeks (once per week). Comparison of the IgG
Abs against the N protein in the mouse serum (n = 5). Data in e, f and g are reported as the mean + SD. Data in b and c are representative
of three independent experiments, and data in e, f and g are representative of two independent experiments. Statistics were calculated using
the two-tailed, unpaired Student's t test with Welch's correction. ns, no significance.



BACTERIA-MEDIATED SARS-COV-2 ANTIGEN DELIVERY

13

the recombinant N(FL) protein after coculture with
macrophages but not in normal LB medium (Figure 6b).
Immunofluorescence images also showed that the re-
combinant N(FL) protein was effectively expressed and
secreted in macrophages by the engineered strain after
incubation for 6 h (Figure 6c). To assess the immune in-
duction effect, we immunized the BJ-N(FL) engineered
strain into mice weekly via o.g. administration while sa-
line (control) and the empty vector strain BJ-NC (vector)
were used as control. The results showed that, similar to
AisVax, BI-N(FL) could induce IgA and IgG Abs against
N protein in vivo within 1 week, and the titre of specific
antibody increased with the duration and frequency of
immunization (Figure 6d-f). There was no significant dif-
ference between the vector and control groups in the spe-
cific Abs content (data not shown). Additionally, IgG-Abs
against the N protein could be induced rapidly by different
routes of administration, including the o.g., i.p. and s.c.
route within 2 weeks (Figure 6g).

DISCUSSION

The use of live bacteria carrying an antigenic protein
expression plasmid is a common bacterial vector vac-
cine strategy. This type of bacterial vector vaccine is
widely used, and several clinical trials have been con-
ducted (da Silva et al., 2014). The immunostimulatory
capacity of live bacteria further makes them effective
immune adjuvants to induce long-term specific im-
mune responses against heterologous antigens (da Silva
et al., 2014). Despite the multiple advantages of a bacte-
rial vector vaccine system delivering heterologous mol-
ecules (Wu, Bao, et al., 2022), the development of a high
efficiency and applicable bacteria-vector-dependent
pathway for novel COVID-19 vaccines still faces some
technical challenges, for example, (a) maintaining the
phenotypic stability of recombinant bacteria and (b)
the effectiveness of recombinant protein secretion into
the cell via the bacteria. Most bacteria are encapsulated
by a membrane-encapsulated vesicle after entering the
APCs, and this structure would largely limit the effec-
tive delivery of antigenic molecules (Zhang et al., 2008).
Therefore, the development of efficient expression sys-
tems and new immunization strategies will be the key
directions for the commercialization and development
of live bacterial vector vaccines in the future.

One viable immunization strategy is to express heter-
ologous proteins on the outer surface of bacteria (Plavec
& Berlec, 2019) or to achieve rapid and substantial release
by regulating the cleavage of bacteria (Chung et al., 2015).
Here, we chose a more effective and natural immune
strategy, that is, direct injection of SARS-CoV-2 antigen
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proteins into the cytoplasm of host cells by the unique
T3SS of Salmonella. In fact, the effectiveness of this strat-
egy has been extensively demonstrated since 1998, when
Riissmann et al. (1998) first demonstrated that the T3SS of
S. typhimurium was capable of triggering CD4* and CD8"
T-cell responses to specific antigens by delivering heterol-
ogous proteins into host cells. For example, secreting the
Listeria monocytogenes P60 protein through this system
in vivo effectively protected mice from p60-transfected
invasive fibrosarcoma (Panthel et al., 2008). Monkey and
human immunodeficiency virus Gag proteins delivered
via T3SS induced a significant immune response that pro-
vided strong protection against the corresponding wilt-
type pathogen (Chen et al., 2006). To our knowledge, this
is the first report to explore the feasibility and effective-
ness of a bacterial vector vaccine for SARS-CoV-2 based on
the SPI-2-encoded T3SS. In addition, we used attenuated
Salmonella AhtrA-VNP rather than wt-VNP as a vector to
express the heterologous antigen because the former pos-
sesses better biosafety (Zhang et al., 2016). However, con-
sidering that wt-VNP can infect macrophages better than
AhtrA-VNP, wt-VNP may theoretically perform better as a
vector in inducing antigen-specific antibody production,
which warrants further investigation.

Viruses are highly susceptible to mutations during
transmission, which may lead to greater virulence or in-
fectivity. More seriously, the effectiveness of vaccines
originally developed based on such sites may be greatly
reduced or even lost when some of the viral epitope sites
are mutated. For example, the neutralizing antibody pro-
duced by the vaccine BNT162b2 was 5.8-fold less efficient
against the SARS-CoV-2 variant (Delta), which has the S
protein P681R variant (Wall et al., 2021). Therefore, we
explored the development of an antigen-expressing secre-
tory system with the help of Salmonella, which revealed
rapid substitution based on different protein sequences
to obtain a more time-efficient vaccine. For example, BJ-
N(FL) strain obtained by changing the recombinant pro-
tein sequence in the psifB-ssel system induced IgA and
IgG N-protein Abs, which proved the effectiveness of the
rapid transformation of this system. Previous studies have
shown that felines, dogs, and ferrets are also susceptible to
SARS-CoV-2, accelerating the mutation and transmission
of the virus (Shi et al., 2020). The cross-species transmis-
sion of these variant strains to humans would undoubt-
edly have a negative impact on the protective efficacy of
vaccines. Therefore, a novel SARS-CoV-2 vaccine suitable
for use in animals is also urgently needed. Bacterial vec-
tor vaccines are the preferred choice for animal vaccines
due to the advantages of low cost, short production cycle
and good efficacy. Our study showed that AisVax could in-
duce IgA and IgG S-protein-Abs in mice by oral gavage ad-
ministration, indicating the safety and feasibility of using
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bacterial vector vaccines as animal-available COVID-19
preventive vaccines.

Considering the complex structure of S proteins, total
expression with the help of T3SS may lead to structural
interference, as well as difficulties in secretion (Van
Engelenburg & Palmer, 2010). In addition, the non-RBD
domains included in the S protein, such as NTD and S2,
can all induce neutralizing antibodies (Wang et al., 2019),
while some other regions of the protein may induce the
production of nonneutralizing antibodies, leading to
antibody-dependent enhancement effects, which not only
fail to destroy the virus but may also enhance its ability to
invade the cells (Dai et al., 2020). Therefore, we tried to use
different strains to express different regions of the S protein
and mix them proportionally, which effectively avoided
these problems. The strategy we described was effective in
inducing specific IgG antibodies, and oral gavage vaccina-
tion can activate mucosal immunity and induce secretion-
specific IgA. Effective viral prophylaxis or treatment with
bacterial vector vaccines has been widely reported (Ding
et al., 2018). However, as heterologous antigens are typ-
ically synthesized in mammalian cells through viral rep-
lication, a main problem in bacteria-based vaccines is
that antigens synthesized in the prokaryotic expression
system of bacteria may experience incorrect folding,
which results in incorrect structures (Sahdev et al., 2008)
or a lack of appropriate post-translational modifications,
for example, glycosylation, phosphorylation and myris-
toylation. Although the produced antibodies can bind
to viruses, they have no neutralizing ability (Khow &
Suntrarachun, 2012). Therefore, it is necessary to conduct
a more in-depth evaluation of the true virus preventive ef-
fect of the system we describe, which will also be the goal
of our follow-up research. To the best of our knowledge,
this is the first SARS-CoV-2 bacterial vector vaccine strat-
egy using a combination formulation with administration
of a strain mixture. Several studies to enhance vaccine
efficacy through combination immunization have been
reported. Vance et al. (2015) for example, reported a vac-
cine combining the ricin subunit antigen RiVax with an-
thrax and found improved protective immune responses
against ricin and anthrax lethal toxin. A combination of
Schistosoma mansoni antigen Sml14 and Sm29-related
vaccines also achieved more efficient deworming and pro-
phylaxis (Ewaisha et al., 2014). This method is also an ef-
fective strategy to induce a stronger immune response by
fusing multiple antigenic proteins of the virus and then
expressing them in the strain (Jia et al., 2020). All these
studies also demonstrate the importance of using mul-
tiantigen vaccines as an effective and simple approach to
enhance protection against different infectious diseases.

Preexisting immunity has a complex effect on a vari-
ety of bacterial vector vaccines, including Salmonella, as

well as viral vector vaccines and is a common issue in the
development of vector vaccines. Previous studies have
shown that preexisting immunity may enhance the effect
of Salmonella vector vaccines or may counteract their ef-
ficacy, depending on the type of disease, but the negative
effects can also be offset by increasing the number of im-
munization doses (Saxena et al., 2013). In addition, the
excellent performance of various vector vaccines, includ-
ing Salmonella vectors, has been widely demonstrated,
providing new avenues for vaccine development. In the
future, engineering modified bacterial surfaces to alter
their immunogenicity may become the optimal solution
for preexisting immunity.

In conclusion, we screened a controlled secretory ex-
pression system based on the unique T3SS of Salmonella,
integrated loss prevention elements into it, and then
loaded it with the novel attenuated Salmonella AhtrA-
VNP. We used this system for the first time to express
multiple SARS-CoV-2 key antigenic proteins and prepare
a bacterial formulation, AisVax, which was shown to ac-
tivate mucosal and systemic immunity by oral gavage ad-
ministration and to be equally effective for other routes
of administration, including intraperitoneal and subcu-
taneous administration. The global spread of COVID-19
has exposed a loophole in cross-species transmission
blockage. The novel bacterial vector COVID-19 vaccine
and its hybrid formulation AisVax reported in this study
have advantages in terms of ease of vaccination and low
production cost, which are suitable for veterinary vaccine
development. This novel system provides an option for
blocking virus transmission in intermediate hosts and will
also provide an important reference for vaccine develop-
ment for other diseases.
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