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Abstract

Background The use of probiotic lactic acid bacteria as a mucosal vaccine vector is considered a promising
alternative compared to the use of other microorganisms because of its “Generally Regarded as Safe” status, its
potential adjuvant properties, and its tolerogenicity to the host. Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which causes coronavirus disease (COVID-19), is highly transmissible and pathogenic. This study aimed
to determine the potential of Lactiplantibacillus plantarum expressing SARS-CoV-2 epitopes as a mucosal vaccine
against SARS-CoV-2.

Results In this study, the possible antigenic determinants of the spike (S1-1,51-2, S1-3, and S1-4), membrane
(MET and ME2), and envelope (E) proteins of SARS-CoV-2 were predicted, and recombinant L. plantarum strains
surface-displaying these epitopes were constructed. Subsequently, the immune responses induced by these
recombinant strains were compared in vitro and in vivo. Most surface-displayed epitopes induced pro-inflammatory
cytokines [tumor necrosis factor alpha (TNF-a and interleukin (IL)-6] and anti-inflammatory cytokines (IL-10) in
lipopolysaccharide-induced RAW 264.7, with the highest anti-inflammatory to pro-inflammatory cytokine ratio in the
S1-1 and S1-2 groups, followed by that in the S1-3 group. When orally administered of recombinant L. plantarum
expressing SARS-CoV-2 epitopes in mice, all epitopes most increased the expression of IL-4, along with induced
levels of TNF-q, interferon-gamma, and IL-10, specifically in spike protein groups. Thus, the surface expression of
epitopes from the spike S1 protein in L. plantarum showed potential immunoregulatory effects, suggesting its ability
to potentially circumvent hyperinflammatory states relevant to monocyte/macrophage cell activation. At 35 days
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post immunization (dpi), serum IgG levels showed a marked increase in the S1-1, S1-2, and S1-3 groups. Fecal IgA
levels increased significantly from 21 dpi in all the antigen groups, but the boosting effect after 35 dpi was explicitly
observed in the S1-1, S1-2, and S1-3 groups. Thus, the oral administration of SARS-CoV-2 antigens into mice induced

significant humoral and mucosal immune responses.

Conclusion This study suggests that L. plantarum is a potential vector that can effectively deliver SARS-CoV-2
epitopes to intestinal mucosal sites and could serve as a novel approach for SARS-CoV-2 mucosal vaccine

development.

Keywords Lactiplantibacillus plantarum, SARS-CoV-2, Mucosal delivery vector, Oral vaccine

Background

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is highly contagious, particularly in humans, and
has resulted in a pandemic [1]. Many coronavirus disease
(COVID-19) vaccines against SARS-CoV-2 have been
developed and are widely used as preventive measures
to contain its spread. However, many countries are over-
whelmed by infection due to several factors such as low
vaccine absorption, limited efficacy in some specific pop-
ulations, and the continued emergence of novel muta-
tions in SARS-CoV-2 [2]. In addition, genes involved in
the origin and spread of novel mutations may further
reduce the efficacy of current vaccines and therapies [2].
Epidemiological data on the survivors of SARS-CoV-2
infection have shown the lack of long-lasting protective
antibodies against the virus; further research and alterna-
tive solutions are essential to diversify the potential pro-
phylactic methods available [3-5].

The mucosal vaccine is a promising approach owing
to its potential to induce both systemic and localized
humoral and cell-mediated immunity [6]. Such long-
term immunity would be achieved through highly regu-
lated host-microbe interactions, cytokine signaling, and
the immune system. Moreover, the mucosa and epithelial
cell linings of the intestines, spleen, or lungs, which are
key ports of SARS-CoV-2 entry, are important surfaces
for preventing cellular infection by SARS-CoV-2 and
other viral and bacterial pathogens with similar modes of
entry [7]. This shows great potential in mass vaccination,
such as the success of the oral polio vaccine and other
licensed mucosal vaccines [8]. Compared to other host
vectors, the use of lactic acid bacteria (LAB) as mucosal
vaccine vectors is a promising alternative, owing to their
“Generally Regarded As Safe” status, potential adjuvant
properties, and tolerogenicity to the host. Furthermore,
surface-exposed antigenic determinants of LAB have a
high potential for recognition by the immune system [9].

As vaccine vectors, LAB mainly include Lactococcus
lactis [10] and Lactobacillus species [11, 12]. The immu-
nogenicity of Lactiplantibacillus plantarum (formerly
Lactobacillus plantarum)-based vaccines is higher than
that of Lactococcus lactis when orally administered to
mouse models [9]. In addition, some L. plantarum strains

are promising alternatives owing to their abilities to sur-
vive in gastrointestinal conditions and improving local
and distal immune responses in vivo [13]. Recently, Wang
et al. (2020) constructed a recombinant L. plantarum
strain expressing the spike protein of SARS-CoV-2 and
demonstrated its potential as a promising food-grade oral
vaccine against SARS-CoV-2 [14]. Li et al. (2021) demon-
strated that intranasal immunization with recombinant
L. plantarum expressing the receptor-binding domain
(RBD) of SARS-CoV-2 significantly increased mucosal
immunoglobulin (Ig)A levels in mice [15]. Meanwhile,
several studies [16, 17] also showed that industrially-ame-
nable Bifidobacterium strains such as Bifidobacterium
infantis can be considered as vaccine vectors also because
reduced Bifidobacterium levels provide an important
predictive factor of SARS-CoV-2 disease severity. How-
ever, further research is needed regarding mucosal vac-
cination against SARS-CoV-2 using probiotic bacteria. In
addition, we determined other conserved epitope regions
of the spike, membrane, and envelope proteins to explore
potential alternatives for SARS-CoV-2 variants.

Our previous studies have demonstrated the potential
of L. plantarum SK156 as an effective host for express-
ing bioactive substances in the intestine owing to its
bile-responsive expression system [18, 19]. In this study,
the possible antigenic determinants of the spike, mem-
brane, and envelope proteins of SARS-CoV-2 were pre-
dicted and displayed on the surface of recombinant L.
plantarum strains. Subsequently, the immune responses
of the recombinant strains expressing different epitopes
were compared in vitro and in a mouse model. This
study aimed to determine the potential of L. plantarum
expressing SARS-COV-2 epitopes as a mucosal vaccine
against SARS-CoV-2.

Materials and methods

Bacterial strains and plasmids

The bacterial strains and plasmids used in the present
study are listed in Table 1. Escherichia coli DH5«, grown
in Luria-Bertani (LB) medium (Difco, USA) at 37 °C
under shaking conditions (200 rpm), was used for plas-
mid DNA preparation and cloning. Ampicillin (100 pg/
mL) was added if necessary. Lactobacilli were grown in
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Strains or plasmids Characteristics

Source or reference

Strains

L. plantarum GK502
L. plantarum SK156
L. johnsonii PFO1
Escherichia coli DH5a

Source of cryptic plasmid (NCBI accession number CP102362-CP102363)
Recipient in transformation, erythromycin resistance negative

Source of erythromycin resistance gene

Recipient in transformation for cloning

This study

Chae et al. [16]
Chaeetal. [16]
TaKaRa (Japan)

Plasmids

pUC19 pBR322 replication origin, lacZ, Amp' TaKaRa (Japan)
pGK02 Cryptic plasmid from L. plantarum GK502 This study
pUGK2 pUC19 with pGKO2 fragment This study
pUGK3 pUGK2 with Em' This study
pUGK4 pUGK3 with surface display system This study
pCB4270B-sfGFP Source of reporter gene, super folder green fluorescent protein (sfGFP) Jang et al. [20]
pUGK4-sfGFP pULP4 with sfGFP gene from pCB4270B-sfGFP in surface display system This study
pUGK4-Epitope pULP4 with SARS-CoV-2 antigen in surface display system This study
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Fig. 1 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome and conserved sequences of SARS-CoV-2 located in structural proteins

(Additional Fig. 1)

de Mann, Rogosa and Sharpe (MRS) medium (Difco,
USA) under stationary culture conditions at 37 °C. L.
plantarum GK502 and SK156 were isolated from fer-
mented Korean food. L. plantarum GK502 was used as
a backbone plasmid to construct a surface display vector,
and L. plantarum SK156 was used as a host for the sur-
face display of the super folder green fluorescent protein
(sfGFP) reporter or SARS-CoV-2 antigens. If necessary,
100 pg/mL ampicillin and 3 pg/mL erythromycin were
used to treat E. coli and Lactobacillus spp., respectively.

Selection of SARS-CoV-2 virus antigen gene

Initially, SARS-CoV-2 sequences were acquired pub-
licly using University of California, Santa Cruz (UCSC,
https://genome.ucsc.edu/), and their genomes were com-
pared to ensure the absence of mutations in the regions
of interest. Nucleotide and protein sequences of these
regions were obtained using UniProt (https://www.uni-
prot.org/) and the Expasy tools (https://www.expasy.

org/). The Immune Epitope Database (IEDB, http://www.
iedb.org/) was used to predict the B cell epitopes. Epit-
ope selection was further optimized by assessing pre-
dicted protein folding of selected regions using IntFold
(https://www.reading.ac.uk/bioinf/IntFOLD/) and
assessing ligand-binding capacity and surface exposure,
which were predicted together with the sequence of the
anchoring protein of the vector system. Epitope selection
was further honed by assessing predicted protein fold-
ing of selected regions using IntFold and assessing ligand
binding capacity and surface exposure, which were pre-
dicted together with the sequence of the anchoring pro-
tein of the vector system (Fig. 1). The predicted epitopes
were used for codon optimization based on L. plantarum
and E. coli using Geneious Prime (2021.1.1 Java Version
11.0.9+11).
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Construction of surface display system

The primers used to construct the E. coli-Lactiplantiba-
cillus shuttle vector and the surface display system are
listed in Table 2. DNA fragments were amplified using
polymerase chain reaction (PCR) using a PCR Ther-
mal Cycler (TaKaRa Bio, Japan), and the reconstituted
sequence was verified by DNA sequencing and restric-
tion enzyme digestion. The PCR cycle involved pre-
denaturation at 95 °C for 5 min, followed by 35 cycles of
denaturation at 95 °C for 30 s, annealing at 55-65 °C for
30 s, and extension at 72 °C for 30 s. Subsequently, post-
extension was performed for 10 min. DNA manipulation
was performed according to the manufacturer’s instruc-
tions (TaKaRa Bio, Japan). E. coli plasmids were extracted
using the Dyne Plasmid Miniprep Kit (DYNEBIO, Korea).
The Lactobacillus plasmid was extracted after lysozyme
(10 mg/mL) treatment with several modifications based
on the experimental method of Sambrook et al. [21].
Both plasmids and DNA fragments were extracted on
agarose gels using the NucleoSpin® Gel and PCR Clean-
up Kit (MACHEREY-NAGEL, Germany).

The pGKO02 backbone cryptic plasmid for the construc-
tion of a surface display vector was derived from the L.
plantarum GK502 strain isolated from kimchi, a tradi-
tional fermented food. It was combined with pUC19 by
cloning into the Sacl site; the erythromycin resistance
gene (GCA_000219475.3) from L. johnsonii PFO1, as a
selection marker, was cloned into the Kpunl site. The bile
inducible promoter of the lactate dehydrogenase 1 gene
(GCA_000219475.3) [18] from L. johnsonii PFO1l was
PCR-amplified and Sall and PstI sites were cloned to
express the target gene. The signal peptide and cell wall
anchor of the surface layer protein A (SlpA) gene (Uni-
prot ID P35829) from L. acidophilus ATCC 4356 were
amplified using PCR and located downstream of the
target gene for cell wall anchoring of the target protein.
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sfGFP, a reporter gene confirming the expression of the
surface display, and SARS-CoV-2 antigens were cloned
into the restriction enzymes Apal and Nael at the multi-
cloning site of the pUGK4 vector (Additional Table 1).

Transformation

E. coli DH5a transformation was performed using the
heat shock method described by Sambrook et al. [21],
and Lactiplantibacillus transformation was performed
using the electroporation method modified from Kim
et al. [22]. Lactiplantibacillus cells were grown in MRS
broth containing 1% glycine at 37 °C until they reached
early-log phase (ODgg,,m» =approximately 0.22). The cells
were then washed twice in cold washing buffer (5 mM
sodium phosphate, 1 mM MgCl,, pH 7.4) and resus-
pended in cold electroporation buffer (1 M sucrose, 3
mM MgCl,, pH 7.4). Further, approximately 2 ug of plas-
mid DNA was added to 50 uL of ice-cold cell suspension
(approximately 10° CFU/mL) in a disposable cuvette
(Gene Pulser® Cuvete, 0.2 cm electrode gap; Bio-Rad,
USA). The mixture was subjected to electroporation
using GenePulser Xcell™ (BioRad, USA) under 2.0 kV,
200 Q, and 25 pF capacitance conditions. After the pulse,
the cell suspension was diluted up to 1 mL in MRS broth
and incubated at 37 °C for 2-3 h. E. coli transformants
were selected using LB agar supplemented with ampicil-
lin (100 pg/mL), and Lactobacillus transformants were
selectively grown on MRS agar supplemented with eryth-
romycin (3 pg/mL).

Western blotting and immunofluorescence assay

Target protein expression and cell surface display of L.
plantarum SK156 transformants were confirmed using
western blotting and immunofluorescence assays. The
L. plantarum SK156 transformant was inoculated at
1% (v/v) in MRS medium containing erythromycin and

Table 2 The primer sequences used for constructing the pUGK4 shuttle vector

Gene name Primer sequence (5’ -3') Restriction enzyme sites
pUCT19 Forward: ATAGAGCTCTGGCGTAATCATG GTCATAGC Sacl

Reverse: ATAGAGCTCAATTCACTGGCCGT CGTTTTAC Sacl
pGK02 Forward: ATAGAGCTCGATCAACGGTAAATCCGTTGGC Sacl

Reverse: ATTGAGCTCGGTACCATATCCTG ACATTCTCTTTAC Sacl, Kpnl
Erythromycin resistance gene (ErmR) Forward: AATGGTACCGGATCCTTTCGCAG TAACTCTATTATCAAC Kpnl, BamHi|

Reverse: ATGGTACCGTCGACTGCAGGATC CTTATCTATTAAATAATTTATAG  Kpnl, Sall, Pstl, BamHI
LDH1 promoter Forward: ATAGTCGACCATTTGCACGAATT CTAATC Sall

Reverse: AATCTGCAGATACTTCCTTCCAT ATTAGTG Pstl
Signal peptide (SP) Forward: ATACTGCAGATGAAGAAAAATT TAAGAATCGTTAGCGCTG Pstl

Reverse: ATAGCATGCGGGCCCTGATGAAC TTGCGTTAATA Sphl, Apal
Multi cloning site (MCS) Forward: ATAGGGCCCGATATCGCCGGC Apal

Reverse: ATAACGCGTTCTAGACACGTGT CGCGA Milul
Cell wall anchor(CWA) Forward: AATGCATGCACGCGTAGGCCTA AGTCAGCTACTTTGC Sphl, Mlul, Stul

Reverse: ATAAAGCTTGGTACCAGGCCTTT AGTGGTGGTGGTGGT Hindlll, Kpnl, Stul
Super folder green fluorescent protein (sfGFP)  Forward: ATACTGCAGGGCCCATGTCAAA GGGTGAAG Pstl, Apal

Reverse: AATCTGCAGCCGGCCTTGTATAA TTCATCCATACC Pstl, Nael
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incubated to the mid-log stage (OD¢yp,m =0.4—0.5). Sub-
sequently, 0.05% oxgall was added, and incubated at
37 °C for 6 h. The cells were harvested using centrifuga-
tion (15,000xg for 10 min at 4 °C) and washed twice with
ice-cold 1x phosphate buffered saline (PBS, pH 7.4).

For western blotting, the washed cells were resus-
pended in ice-cold 1x PBS and disrupted using soni-
cation (pulse 120 s, intervals: 10 s on, 15 s off; 38%
amplitude). The cell lysate was mixed with 5x loading
buffer and boiled in distilled water for 5 min for denatur-
ation. The prepared protein sample was separated on a
12% glycine sodium dodecyl sulphate-polyacrylamide gel
using an electrophoresis machine (100 V, Bio-Rad, USA)
and transferred to a 0.45 pm polyvinylidene difluoride
membrane (Bio-Rad, USA) through a transfer apparatus
(400 mA, 90 min, Bio-Rad, USA) with 1x transfer buffer
(25 mM tris, 200 mM glycine, pH 8.3). The membrane
was rinsed thrice with 1x TBST (20 mM tris, 0.1% tween
20, pH 7.6) and blocked with 5% bovine serum albumin
(BSA, R&D Systems, USA) in TBST at 25 C for 1 h. Fol-
lowing this, the membrane was incubated with primary
antibody (SARS-CoV-2 membrane, envelop, and spike
protein antibodies, R&D Systems, USA) diluted (1:2000)
in 2% BSA/TBST at 4 C, and gently shaken for 12 h.
After washing thrice with 1x TBST, horseradish peroxi-
dase (HRP)-conjugated secondary antibody (goat anti-
mouse IgG, Invitrogen, USA) diluted (1:2000) in 2% BSA/
TBST was added and shaken gently for 1 h. Subsequently,
proteins were visualized using the ChemiDoc™ MP Imag-
ing System (Bio-Rad) using Enhanced ChemiLumines-
cence reagent (Thermo Fisher Scientific, USA).

In addition, surface proteins of the transformants
were identified using an immunofluorescence assay. A
multi-well glass plate was prepared; 10 pL of 0.1% poly
7-L-lysine solution was added into each well and incu-
bated for 1 h at 25 ‘C. After washing the wells with dis-
tilled water and drying, 10 pL of transformant cells were
added and incubated for 5 min. After fixing, the cells
were washed with PBS containing 0.1% Tween 20 (PBST,
pH 7.4) and blocked with 2% (w/v) BSA in PBST for
30 min at 25 C. After removing the blocking solution,
10 pL diluted (1:200) primary antibody (anti-GFP anti-
body, anti-His-tag antibody, or anti-SARS-CoV-2 anti-
body, R&D Systems, USA) dissolved in PBST containing
2% BSA was added and incubated in a humidified cham-
ber overnight at 4 °C. The wells were washed with PBST
buffer and subsequently incubated with 10ul of diluted
(1:200) NL557-conjugated secondary antibody (North-
ernLights™ Anti-mouse IgG-NL557, R&D Systems, USA)
in PBST buffer containing 2% BSA for 1 h at 25 C in the
dark. The secondary antibody solution was then removed
and washed with PBST in dark. For fluorescence micros-
copy, the bacterial cells were reconstituted using a 20%
glycerol solution, mounted with a coverslip, and viewed
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using a microscope (ProgRes C10 plus with Intensi-
light C-HGFI, Nikon, Japan) with and without a filter at
570 nm.

Macrophage cell

The RAW 264.7 murine macrophage cell line (ATCC,
Manassas, VA) was grown at 37 °C in a humidified atmo-
sphere of 5% CO,. The cell line medium was Dulbecco’s
modified Eagle’s medium (DMEM): nutrient mixture
F-12 (Ham, 1:1) with GlutaMAX™-1 (DMEM:F12) (Invit-
rogen, USA), 10% fetal bovine serum (Atlanta Biologicals,
USA), 5 ng/mL epidermal growth factor, 1% insulin-
transferring selenium supplements, 1% penicillin-strep-
tomycin (penicillin 10,000 U/mL, streptomycin 100 mg/
mL; Invitrogen), and 15 mM HEPES. The cell culture
media were replaced every 2 d, and the cells were pas-
saged every 4-5 d by trypsinization with 0.25% trypsin-
EDTA. To perform the in vitro experiments, RAW 264.7,
cells were seeded at a suitable concentration as deter-
mined via 0.25% trypan blue viability staining. Imme-
diately prior to use, confluent monolayers were washed
2-3 times with 1x PBS. The RAW 264.7 cells monolayer
at 100% confluence (passages 21-45) were seeded onto
24-well plates and incubated until at least 90% conflu-
ence. Subsequently, L. plantarum SK156 transformants
were adjusted to approximately 107 CFU/mL, re-sus-
pended in DMEM:F12 without antibiotics, and incubated
with LPS-induced RAW 264.7 cells for 6 h. Following
this, cell culture supernatants were collected and stored
at -70 °C until further analysis.

Animals, immunization, and Sample collection

Animal experiments were approved by the Dankook Uni-
versity Ethics Committee (DKU-20-053). Animals were
handled and maintained under strict ethical conditions
in accordance with international recommendations for
animal welfare. For the immune response, 100 female,
specific pathogen-free, 7-week old BALB/c mice (Raon-
bio, Korea) were purchased and acclimatized to labora-
tory conditions for 1 week. In the animal room, a 12-h
light-dark period was maintained at 45-50% relative
humidity and 22-25 °C, with ad libitum access to stan-
dard pellet diet containing 4 kcal/g of protein, 9 kcal/g of
fat, and 4 kcal/g of available carbohydrate (2018 S Teklad
Global 18% Protein Rodent Diet; Envigo, USA) and fil-
tered tap water. Mice adapted to the laboratory condi-
tions were randomly divided into 10 groups of 10 mice
each and used for further experiments. Immunizations
were performed with wild type L. plantarum SK156 or
SK156 transformants, which were grown overnight in
MRS medium with or without erythromycin (3 pg/mL)
supplemented at 37 °C. Through oral feeding, 1.2x10°
CFU of wild or transformants in 100 uL PBS (pH 7.4)
were fed on days 0-2, 14-16 (first booster), and 28-30
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(second booster) for 3 consecutive days at 2-week inter-
vals. To evaluate potential oral toxicity, body weights of
the mice were measured and monitored weekly. All mice
were euthanized using CO, gas after day 35. For sam-
pling, serum was collected from the cheeks of mice on
days 0 (pre-immune), 21, and 35. Feces from each group
were also collected, suspended in PBS containing 0.01 M
EDTA-Na,, homogenized, and allowed to solubilize over-
night at 4 °C. The suspension was then centrifuged, and
the supernatant was collected. Clear extracts of all sam-
ples were collected by centrifugation and stored at -70 °C
until further analysis.

Cytokine detection

Sera from immunized mice and supernatants from RAW
264.7 cell lines were analyzed using 96-well maxi-bind-
ing immunoplates (R&D Systems, USA) to detect pro-
inflammatory cytokines such as mouse tumor necrosis
factor-alpha (TNF-«), interferon-gamma (IFN-y), inter-
leukin (IL)-6, and anti-inflammatory cytokines such as
IL-10 and IL-4. Serum cytokine detection was performed
according to the manufacturer’s protocol (R&D Systems,
USA), and cytokine concentrations were determined
using 2-fold dilutions of mouse recombinant TNF-q,
IEN-y, IL-4, IL-6, and IL-10. Standard curves and sample
values generated for each cytokine were calculated spec-
trophotometrically at 450 nm. Thereafter, the data were
analyzed using Graphpad Prism version 8.0 software
(GraphPad Software, USA).

Detection of antigen-specific IgG & IgA using enzyme-
linked immunosorbent assay

Antibody immune responses to antigen-specific IgG or
IgA from serum and fecal extracts were assessed using
enzyme-linked immunosorbent assay (ELISA) for recom-
binant SARS-CoV-2 antigens. Recombinant SARS-CoV-2
antigens (100 puL of 10 pg/mL) expressed in E. coli were
dispensed into each well of a 96-well plate (final con-
centration 1 pg/well) using carbonate-bicarbonate buf-
fer (pH 9.6), and the plates were coated by incubation
at 4°C overnight. The antigen-coated plate was washed
with PBST and blocked by incubating for 1 h at 37°C in
PBST containing 3% BSA. The plate was washed again
with PBST, and 100 pL diluted immunized mouse serum
(1:100) or fecal extract (1:10 dilution) was added to the
wells and incubated at 37°C for 1 h. Subsequently, the
plate was washed with PBST and 100 pL of IgG or IgA
antibody (1:1000, Invitrogen, USA) was added to the
wells. After incubation at 37°C for 1 h, the wells were
washed with PBST. For antibody detection, 100 pL of 3,
3} 5, 5’- tetramethylbenzidine was added to the well to
induce a reaction in dark, and 50 uL of 0.5 N H,SO, was
added to arrest the reaction. The data were measured for
absorbance, which was measured at OD 450 nm using

Page 6 of 14

an ELISA plate reader (SpectraMax M2e, Molecular
Devices, USA).

Statistical analysis

Statistical significance was determined using one-way
analysis of variance (ANOVA) with Tukey’s tests using
GraphPad Prism (GraphPad Software, USA). The results
are presented as the mean+tstandard error of mean. The
statistical significance has been represented as follows:
*p<0.01, *p<0.001, and ***p<0.0001.

Results

Construction of surface display system

To produce a vector capable of expressing peptide epit-
opes on the surface of lactobacilli, the plasmid was con-
structed using pUC19 from E. coli cloning vector and
pGKO02 from L. plantarum GK502 (NCBI accession
number CP102362-CP102363). After acquiring the pub-
licly available SARS-CoV-2 sequences, seven putative
B-cell linear epitopes (S1-1, S1-2, S1-3, and S1-4 from
the spike S1 protein, ME1 and ME2 from the membrane
protein, and E from the envelope protein) were chosen
from the highly conserved regions of the SARS-CoV-2
genome. Codons of the predicted epitope sequences were
optimized for expression in L. plantarum. Sequences of
the seven epitopes are listed in Additional Table 2. The
reporter gene sfGFP and seven epitopes of SARS-CoV-2
were cloned into the multiple cloning site of the pUGK4
surface display vector for cell surface expression on L.
plantarum SK156 (Fig. 2, Additional Fig. 2).

Confirming the surface display of SARS-CoV-2 antigens on
L. plantarum

To confirm the optimum functioning of the cell surface
vector system, a sfGFP reporter gene was cloned into
pUGK4 and transformed into L. plantarum SK156. Cell
surface expression of the sfGFP reporter was observed
at 510 nm using a fluorescence microscope. Green fluo-
rescence was observed in the cells carrying sfGFP, in
contrast to the control cells carrying only the vector, indi-
cating optimum functioning of the pUGK4 vector system
for cell surface display of the target protein in L. planta-
rum SK156 (Fig. 3A).

Further, surface expression of the SARS-CoV-2 epi-
topes was verified through western blotting using
SARS-CoV-2-specific polyclonal antibodies. Bands corre-
sponding to the SARS-CoV-2 epitopes fused with the cell
wall anchor at 20-25 kDa were detected in cell lysates
(Fig. 3B). Immunolabeling with specific antibodies is use-
ful for detecting surface-exposed proteins [23]. Conse-
quently, cells were probed with SARS-CoV-2 antiserum
as a primary antibody and then visualized with HRP-
conjugated goat anti-mouse IgG antibody. The presence
of SARS-CoV-2 antigens on the surface of L. plantarum
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SK156 was confirmed using immunofluorescence micros-
copy at 570 nm, transformants carrying SARS-CoV-2
epitopes fluoresced brightly with the NL557-conjugated
secondary antibody (Figs. 2 and 3C-8), whereas cells car-
rying the pUGK4 vector were not immunolabeled (Figs. 1
and 3C). Thus, SARS-CoV-2 antigens were successfully
expressed on the surface of L. plantarum SK156.

Cellular immune response of murine macrophage induced

by recombinant L. plantarum

To initially evaluated in vitro whether the SARS-CoV-2
antigens possess immunomodulatory activity. Murine
macrophage RAW 264.7 cells were first stimulated with
lipopolysaccharide (LPS) to induce the expression of pro-
inflammatory cytokines and then treated with wild-type
(WT) or recombinant L. plantarum expressing SARS-
CoV-2 antigens. After treatment, the cytokines TNF-q,
IFN-y, IL-4, IL-6, and IL-10 were quantified using ELISA.
The measured cytokines suggested the differentiation of
macrophages into M1 or M2b type by LPS stimulation.
IFN-y and IL-4 were not detected in LPS-activated mac-
rophages [24].

L. plantarum SK156 wild-type itself dramatically
decreased pro-inflammatory cytokine (TNF-a and IL-6)
levels in LPS-induced 264.7 RAW cells. These results
indicated that L. plantarum SK156 has excellent anti-
inflammatory activity. The levels of pro-inflammatory
cytokines IFN-a, IFN-B, and IL-6 were significantly
reduced in cells treated with the supernatant of L. plan-
tarum Probio-88 strain [25]. In addition, the SIpA protein
derived from L. acidophilus CICC 6074 [26], exopolysac-
charide derived from L. plantarum L-14 strain [27], and
Aronia Melanocarpa fruit fermented with L. plantarum
EJ2014 [28] significantly reduced inflammation in an
LPS-induced RAW 264.7 cell line model. Clinical data
from infected patients show that SARS-CoV-2 is associ-
ated with a cytokine storm, which is one of the leading
causes of death caused by the early elevation of systemic
IL-10. Such stimulation is due to potential tissue damage
related to the secretion of pro-inflammatory cytokines
but results in immunosuppressive effects that prevent
viral clearance [29, 30]. Notably, the same IL-10 induc-
tion by L. plantarum SK156 on activated macrophages
may counteract potentially hijacked monocytes and mac-
rophages which may be infected with SARS-CoV-2, thus
promoting a more localized immunomodulation without
dampening the potential for a systemic viral response
[31]. Challenge models may be used to investigate this
further.

Compared to the control groups, all recombinant
strains, except for those expressing S1-1 and S1-2, signif-
icantly induced TNF-a and IL-6 expression (Fig. 4A). In
contrast, IL-10 was greatly stimulated in S1-3, followed
by that in the S1-1, S1-2, and S1-4 groups (Fig. 4B). The
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ratios of anti-inflammatory and pro-inflammatory cyto-
kines, IL-10/TNF-a or IL-10/IL-6 were measured. The
S1-1 and S1-2 groups showed the highest ratio, followed
by that of the S3 group (Fig. 4C). In the context of an LPS-
induced macrophage immune response, these results
indicate that spike S1 protein epitopes have potential
immunoregulatory effects, which may be because LPS-
mediated inflammation is not aggravated to a level that
may be detrimental to the host [32]. This is demonstrated
by reducing TNF-a, but still maintaining continued IL-6
induction despite LPS-stimulated inflammation.

Systemic cytokine changes induced by recombinant L.
plantarum expressing SARS-CoV-2 epitopes in mice

Nine groups of mice were orally administered equal
doses (approximately 10° CFU/100 pL) of WT or recom-
binant L. plantarum expressing SARS-CoV-2 antigens.
Three negative control groups, PBS, SK156 (WT), and
SK156 with pUGK4 (vector only), were simultaneously
maintained. After immunizing mice thrice over a 2-week
period, serum was collected at 35 days post immuniza-
tion (dpi) and analyzed for levels of pro-inflammatory
(TNF-a, IFN-y, and IL-6) and anti-inflammatory cyto-
kines (IL-4 and IL-10) using ELISA (Fig. 5).

Regarding pro-inflammatory cytokines, all epitope
groups showed a significant increase in TNF-a and the
antiviral factor IFN-y levels [14], but the IL-6 levels
remained unchanged. The TNF-a level was highest in the
S1-2 epitope, while there was no significant difference in
IEN-vy levels among the antigen groups (Fig. 5A). Regard-
ing anti-inflammatory cytokines, IL-4 levels were highest
in spike proteins (S1-2, S1-3, and S1-4), but there was
no significant difference among these groups. In contrast,
compared to the control groups, the S1-1, S1-2, S1-3,
and E groups showed high IL-10 levels, followed by those
in the ME1 and ME2 groups. With increase in IL-4 lev-
els compared to those of the pro-inflammatory cytokines
TNEF-a and IEN-y, T helper (Th) 2 cell-biased immuno-
modulation may be achieved (Fig. 5B).

The ratios of the anti-inflammatory and pro-inflamma-
tory cytokines are shown in Fig. 5C. There was no sig-
nificant difference in the ratio of IL-10 to TNF-a among
all the groups. However, I1L-4/TNF-a, IL-10/IFN-y, and
IL-4/IFN-y ratios were significantly increased in all the
epitope groups compared to those in the control group,
indicating immunoregulatory effects of all the epitope
groups which potentially maintains IFN-y signaling nec-
essary for viral clearance.

Humoral and mucosal immune responses induced by
SARS-CoV-2 epitopes in mice

To assess antigen-specific humoral and mucosal immune
responses induced by SARS-CoV-2 epitopes, sera and
feces were collected from orally vaccinated mice on days
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21 and 35 after immunization. Serum IgG levels signifi-
cantly increased in all antigen groups at 21 dpi, a week
after the first booster immunization (Fig. 6A). Among
them, IgG levels in the S1-4 group were relatively lower
than those of the other epitope groups. At 35 dpi, one
week after the second booster immunization, IgG levels
showed marked increase in the S1-1, S1-2, S1-3, and
S1-4 groups. There was no substantial difference in the
IgG levels between the S1-1, S1-2, and S1-3 groups. The
ME1, ME2, and E groups showed relatively lower IgG lev-
els than those of the spike protein groups.
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To determine the local immune response, fecal IgA
levels were measured (Fig. 6B). At 21 dpi, fecal IgA lev-
els increased significantly in all the epitope groups. How-
ever, the boosting effect after 35 dpi was observed only in
groups S1-1, S1-2, and S1-3, and there was no signifi-
cant difference among these groups. These data suggest
that the oral administration of SARS-CoV-2 epitopes into
mice induced significant humoral and mucosal immune
responses. Among them, S1-1, S1-2, and S1-3, from the
spike protein, were more effective than the remaining
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epitopes, defining their potential antigenicity in a muco-
sal vector system.

These data suggest that the oral administration of
SARS-CoV-2 epitopes can induce significant humoral
and mucosal immune responses during immunization.
Although the IgA levels at 35 dpi decreased compared to
those at 21 dpi, the IgA level was significantly higher than
that of the negative control, confirming the potential rec-
ognition of these epitopes (ME1, ME2, and E), but not to
the same level as the S1 spike epitopes, except for S1-4,
where the levels were lower than those in constructs
S1-1, S1-2, and S1-3.

Discussion

COVID-19 continues to spread globally. Current vaccina-
tion regimens have been effective in many countries in
reducing disease severity and hospitalizations; however,
they do not prevent transmission [33]. With many other
countries still tackling these breakout infections, contin-
uous improvement of available vaccines is still necessary,
particularly to address the concerns of adverse events
post-vaccination [34, 35] and steps closer towards neu-
tralizing immunity.

A recent study comparing mucosal IgA and IgG
responses in vaccinated participants clearly highlighted
the importance of WT spike mucosal IgA production
in lowering the risk of omicron breakthrough infection
[36]. Similarly, it has been noted that current vaccination
strategies induce only minimal mucosal sIgA responses
in patients with no pre-exposure to COVID-19 com-
pared to those in patients with a history of infection [37,
38]. Therefore, current research suggests that combining
mucosal and systemic immune responses can achieve
superior protection.

Moreover, vaccination is a pseudo-COVID-19 infec-
tion which trains the immune system [39]. Although vac-
cination has sometimes been associated cytokine release
syndrome (CRS) in patients with cancer [40], correlations
between mRNA vaccination and clinically relevant CRS
diagnostic criteria remain unclear [41]. Benefit-risk ratios
are still favorable for immunization. However, depending
on the health status of the patients, serious risks such as
a full-blown infection related to systemic inflammatory
response syndrome and death due to an excessive cyto-
kine response should still be considered [39, 42].

Thus, L. plantarum is a promising alternative vaccine
carrier. Lactobacilli, including Lacticaseibacillus rham-
nosus, Lacticaseibacillus casei, Latilactobacillus sakei,
and L. plantarum, are relatively enriched in the upper
respiratory tract, specifically in the anterior nares and
nasopharynx of healthy individuals [42]. The oral con-
sumption of commercial probiotics can contribute to
niche colonization in the upper respiratory tract because
of their anatomical connection via the nasopharynx,
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making them well adapted for possible development as
a commensal mucosal prophylactic vector [43, 44]. In
addition, L. plantarum strains are robust vaccine delivery
systems and are well-characterized species, specifically in
adhesion to mucosal surfaces and close interaction with
host epithelial cells. This allows potential immunoregu-
latory activity [45-48] and antiviral properties against
beta coronaviruses [49, 50], thus blocking SARS-CoV-2
infection at the point of entry [51, 52]. Furthermore, LAB
vaccines can rapidly cope with mutated viruses. Thus,
as soon as genetic information on the mutant virus is
revealed, a LAB vaccine can be constructed and applied
for vaccination in short periods.

LPS induction of naive RAW 264.7, is a widely used
approach to induce M1 macrophage polarization via Toll-
like receptor 4 (TLR4) triggering of NF-kB and MAPK
signaling cascades [53], and activating proinflammatory
pathways. Proinflammatory cytokines, such as TNF-a
and IL-6, but not IL-10, are upregulated. Alternatively,
M2 macrophage (specifically the M2b subset) induc-
tion is also possible with LPS or IL-1 and an immune
complex, performing a contrasting anti-inflammatory or
immunoregulatory response [24]. In addition, although
not investigated here, LPS-induced activation of macro-
phages induces angiotensin converting enzyme-2 (ACE2)
expression via antibody-dependent Fc ligation or TLR4
[54]. This results in an increase in SARS-CoV-2 infec-
tion rates in M1 and M2 type alveolar macrophages and
recapitulates potential inflammatory host states which
may increase the risk of COVID infection, depending on
certain cytokine or chemokine signaling cascades. Mac-
rophage phenotypes may be reversible between M1/M2;
however, lactobacilli are known to influence these activa-
tion cues, where an M2b macrophage phenotype leads to
increased production of IL-10 (anti-inflammatory), IL-1,
IL-6, and TNF-q, along with a reduction in IL-12 [55].

In this study, high IL-10 induction was observed with
recombinant S1-3, expressing the RBD of the spike pro-
tein, along with induced levels of IL-6 and TNF-a, sug-
gesting a potential immunoregulatory effect. S1-4 was
similar, but with a lower IL-10 induction than that of
S1-3. In contrast, S1-1 and S1-2 showed higher IL-10
levels but very low proinflammatory responses (IL-6
and TNF-a) after LPS induction, suggesting an M2-like
macrophage phenotype. ME1, ME2, and E sustained
the LPS-induced inflammatory response with low IL-10
induction.

The balance between Th1/Th2 responses is an impor-
tant consideration in vaccine development [56]. COVID-
19 severity is associated with CRS, with excessive
elevation of IL-10 levels in critically ill patients [57, 58].
Although CRS is similar in SARS coronaviruses [59], the
early response IL-10 elevation constitutes a potential
mechanism which triggers a cytokine storm by a negative
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feedback loop response towards hyperinflammation
and tissue damage [2]. Subsequently, this increases the
endogenous IL-10 levels, allowing it to act as a pleiotro-
pic immunostimulatory signaling molecule [60], such as
that in autoimmune diseases and human cancers [57].
The possibility of its stimulating properties on immune
cells such as CD4+, CD8+T cells, and/or NK cells can
increase the levels of inflammatory cytokines such as
IFN-y and IL-6 and markers such as C-reactive protein
[57, 61, 62]. To balance this, a coordinated humoral and
adaptive immune response may be achieved with muco-
sal immunization, where infection is controlled at the
point of entry, particularly if these commensal bacteria
or specific immune complexes can block access to ACE2
receptors by SARS-CoV-2 to prevent systemic infection
at the mucosal lining of the lungs and intestines.

In our in vivo studies in BALB/c mice, both Thl and
Th2 responses were activated when only the recombi-
nant lactobacilli strains were administered (no LPS). A
significant increase in TNF-a and antiviral IFN-y levels
was observed without IL-6 overproduction. IL-6 levels
are observed to be elevated in the cytokine storm caused
by the available mRNA vaccine in humans, which may
play a leading role in the adverse effects [63]. On the
other hand, probiotic vaccination with the L. plantarum
construct as shown in this study can provide protec-
tion without increasing IL-6. IL-4 levels were consider-
ably high in the spike protein epitopes (S1-2, S1-3, and
S1-4), providing a potential pathway towards B cell acti-
vation by Th2 CD4" cell stimulation [64, 65]. Moreover,
although the T cell subpopulation was not observed
here, antigen-specific IgG and IgA showed a significant
increase at 21 and 35 dpi, particularly for L. plantarum
recombinant constructs expressing spike protein epit-
ope fragments (S1-1, S1-2, S1-3, and S1-4). In contrast,
the constructs expressing only epitope fragments from
the membrane (ME1 and ME2) and envelope protein (E)
were not sustained for IgG and IgA until 35 dpi. Never-
theless, induction of both humoral and cell-mediated
immunity is promising.

Li and Colleagues [15] also produced an L. plantarum-
based surface display construct expressing the RBD of
the spike protein (LP18:RBD). Although specific IgG
induction was not sustained due to varying factors such
as formulation, route of administration, and immuniza-
tion schedule, IgA induction was sustained in bronchoal-
veolar lavage fluid, nasal lavage fluid, and fecal samples
[15]. Similar to most commensal bacteria, lactobacilli do
not usually instigate inflammatory responses owing to
their symbiotic relationship with the host, except with
special species and strain-specific characteristics. Fur-
thermore, an adaptive immune response is instigated
in cross-talk hotspots, such as the M cells in the Peyers
patches, where the specific pattern recognition receptors
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(PRRs) of macrophages and dendritic cells can recognize
pathogen-associated molecular patterns to trigger the
inflammatory response [66].

Similarly, SIpA in lactobacilli has been recognized to
function in interacting with DC receptors via the Nod2
signaling pathway [55, 67] and is used as an efficient
tool for surface display in L. plantarum. Similarly, a bile
responsive system vector [18] can improve its role as a
surface display vector when administered orally to its tar-
geted area in the intestine. This background knowledge
justifies PRR activation and allows the optimal utilization
of such a Lactobacillus vaccine platform [55]. Neverthe-
less, other experimental data of L. plantarum in pro-
spective trials for COVID-19 protection and potential
boosting effects on vaccine-elicited immunity are prom-
ising [29, 68].

Conclusions

In conclusion, we demonstrated that L. plantarum is a
potential vector capable of effectively delivering SARS-
CoV-2 epitope to mucosal sites. Especially, the expression
of spike protein fragments in L. plantarum seems to be
a promising immunoregulatory mucosal vaccine. This
could be novel approach for the development of a muco-
sal vaccine against SARS-CoV-2. These oral and nasal
vaccines are the next target for improved protection
against SARS-CoV-2 owing to the lack of efficient protec-
tion against new mutant variants, including the omicron
variants. Subsequently, we intend to further evaluate the
construct in both in vitro and in vivo challenge model
assays to confirm its potential in virus neutralization
assays, mechanistic understanding in gut models, abil-
ity to influence T cell activation pathways, and possible
correlation with the microbiome. Although LAB are safe
microorganisms, further verification of the efficacy and
safety of this delivery system for clinical application is
also necessary.
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