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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread all over the world and became a pandemic that 
named coronavirus disease-2019 (COVID-19). At present, several intramuscular vaccines have been successfully developed 
and mass vaccination has progressed in many countries. The aim of the study is to develop and examine an oral vaccine 
against COVID-19 with recombinant Lactococcus lactis IL1403, a strain of lactic acid bacteria, expressing SARS-CoV-2 
spike (S) protein receptor-binding domain (RBD) S1 subunit as an immunizing antigen. PBS or cell extracts from recombi-
nant L. lactis were orally administered into mice (control VS treatment), and formation of antigen-specific antibodies and 
changes in the gut microbiome were analyzed. Intracellular antigen was detected, but its secretion was not successful. After 
immunization, antigen-specific serum IgG and fecal IgA levels were 1.5-fold (P = 0.002) and 1.4-fold (P = 0.016) higher 
in the immunized mice (treatment) than control, respectively. Gut microbiome profiles were clearly separated between the 
two groups when analyzed for beta diversity with overall similarity. At the genus level, while Coprococcus (P = 0.036) and 
unclassified genus of Ruminococcaceae (P = 0.037) in treatment were more abundant than control, rc4-4 (P = 0.013) and 
Stenotrophomonas (P = 0.021) were less abundant. Our results indicate that cell extract containing SARS-CoV-2 antigen 
can induce mice to produce antigen-specific antibodies without overall changes in the gut microbiome. This strategy may 
be useful for the development of other oral viral vaccines.

Introduction

The discovery of a novel coronavirus that the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) in the 
human body in 2019 has gradually become a pandemic 
all over the world and named coronavirus disease-2019 
(COVID-19) [1].

With the severity of the pandemic, many institutions 
began to develop several COVID-19 vaccines, such as 
recombinant protein [2, 3] and nucleic acid-based vaccine 
[4] for producing vaccine-induced neutralizing antibodies. 
SARS-CoV-2 mainly contains four protein structures includ-
ing spike (S), membrane (M), envelop (E), and nucleocap-
sid (N) protein and these viral proteins may be potential to 
targets for vaccines to induce immune response [5]. Angio-
tensin-converting enzyme 2 (ACE2) is a cell entry receptor, 

while S protein of SARS-CoV-2 binding [6]. S protein is 
composed of S1 and S2 subunit, the S1 subunit recognizes 
the receptor site with receptor-binding domain (RBD) and 
the S2 subunit is responsible for membrane fusion. At pre-
sent, many vaccines are developed with S1 subunit as the 
target. In other coronavirus research such as SARS and Mid-
dle East respiratory syndrome coronavirus (MERS-CoV), S 
protein S1 subunit binds to ACE2 receptor effectively [7, 8].

Several lactic acid bacteria (LAB) as probiotics be con-
sidered as carrier of oral vaccine candidates, these LAB 
strains originally live in the intestine of animals and can 
use plasmid vector system to produce heterologous pro-
tein. Recombinant LAB strains can elicit mucosal immune 
responses against selected antigens [9]. In anti-food-and-
mouth disease virus (anti-FMDV) research, mice that 
immunized with that producing FMDV antigen recombi-
nant Lactococcus lactis induced high levels of neutralizing 
antibodies [10]. In other research, oral immunization with 
purified Brachyspira membrane protein B from recombinant 
E. coli can produce antigen-specific serum IgG and fecal IgA 
in mice [11], and it can provide a certain amount of antigen 
cause immune response. Probiotics themselves are beneficial 
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for the host, and purification process is not required for such 
immunization when recombinant LAB vaccines are used 
[12]. Limited studies have developed oral vaccines from the 
cell extracts of lactic acid bacteria.

With the advantages of next-generation sequencing 
(NGS) technology, it is easy to understand gut microbiome 
of animals. At present, many studies have focused on the 
changes of gut microbiome after the intake of live probiot-
ics and not clear the changes of gut microbiome after intake 
of probiotics cell extracts and probiotic-based oral vaccine 
[13, 14]. Therefore, it is necessary to study whether probi-
otics cell extracts affect the gut microbiome, and what kind 
of changes do the gut microbiome have when vaccine of 
probiotics cell extracts enter the intestine.

In this study, we evaluated the impact of oral COVID-19 
vaccine of recombinant L. lactis cell extracts on the immune 
response and profiling the gut microbiome of immunized 
mice.

Materials and Methods

Microorganism Strain and Growth Condition

L. lactis IL1403 was used as host strain and grown in M17 
medium (MBcell, Korea) supplemented with 5 g/L of glu-
cose (M17G) without antibiotics for wild type, and recom-
binant L. lactis IL1403 was grown in M17G media with 

erythromycin (5 µg/mL) and chloramphenicol (5 µg/mL) at 
30 ℃.

Gene Synthesis and Plasmid Construction

Based on SARS coronavirus (GenBank: YP_009825051.1) 
[7] research, Fig. S2 shows using alignment method to 
obtain S1 subunit target of SARS-CoV-2 surface glyco-
protein sequence (GenBank: YP_009724390.1) [15]. For 
detecting the expressed antigen, His-tag was added C-ter-
minal. In order to make the recombinant L. lactis secrete 
the target protein, signal peptide of USP45 [16] was added 
N-terminal of the target protein (Fig. 1a). Codon optimiza-
tion was conducted in DNAWorks v3.2.4 [17] based on L. 
lactis Il1403 codon usage table, and 33 primers were used 
to synthesize the insert sequence with overlap PCR method 
(Table S1). Plasmid DNA pILPtuf.Mb vector was used as a 
backbone [18], and AseI and XhoI restriction enzyme sites of 
target insert were ligated into NdeI and XhoI of vector back-
bone and transformed into L. lactis IL1403 competent cells.

SDS‑PAGE and Western Blot Assay

Wild type and recombinant L. lactis IL1403 were grown 
in M17G (50 mL) with or without antibiotics at 30 ℃ for 
10 h. Total 50 mL of 1.5 × 1010 colony-forming unit (CFU) 
cell extracts were collected by centrifugation at 4000 rpm 
for 10 min and broken in bead beater with 0.5 g glass beads 

(a)

1             2               3                4             5              6     
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Fig. 1   Production and secretion of target antigen from recombi-
nant L. lactis. a Schematic diagram for construction of pILPtuf.
nCoV.h vector (modified from E.B. Kim et al., 2009). b Western blot 
for detecting SARS-CoV2 S protein RBD S1 subunit antigen from 
recombinant L. lactis. Target antigen was detected in intracellular 
recombinant L. lactis and not detected in wild-type L. lactis IL1403 

(intracellular) and cultured broth of recombinant L. lactis. Lane1: L. 
lactis IL1403 WT; Lane2: L. lactis IL1403 (pILPtuf.nCoV.h); Lane3: 
L. lactis IL1403 (pILPtuf.nCoV.h) cultured broth (Cell free); Lane4–
6: Commercial His-tagged Calmodulin (18  kDa) 1.5, 1, and 0.5μg, 
respectively
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(0.5 mm) and 200 µL sterilized 1 × phosphate -buffered 
saline (PBS) and 3.5 µL extraction solution was mixed by 
1 × PBS and 5 × loading dye to load. For preparation of 
extracellular protein, after above centrifugation, 40 mL of 
cell-cultured supernatant was filtered by 0.2 µm filter and 
precipitated by 16% trichloroacetic acid (TCA), and the 
precipitants were washed with ethanol and dissolved in 200 
µL 1 × PBS and 24 µL extraction solution was mixed by 
5 × loading dye to load. In order to quantify the protein pro-
duction, commercial recombinant His-tagged human Calmo-
dulin (MERCK, Darmstadt, Germany) of 18 kDa protein 
was used as the standard curve with 1.5, 1, and 0.5 µg.

The total cell extracts and cell-free supernatant extracts 
were separated by SDS-PAGE and transferred on to 0.2 µm 
nitrocellulose membrane. The membrane was blocked with 
5% (w/v) skim milk with 1 × TBST (Tris-Buffered Saline, 
0.1% Tween) at room temperature (RT) for 1 h. Blocked 
membrane was washed by 1 × TBST three times and incu-
bated with anti-His6x monoclonal antibody (1:500, R&D 
Systems, USA) at 4 ℃ overnight with shaking. After three 
times washed with 1 × TBST, the membrane was visualized 
with ECL reagents (Bio-Rad, USA).

Immunization of Mice

Four-week-old female BALB/c mice were orally adminis-
tered PBS (control) or immunized (treatment) with including 
recombinant SARS-CoV-2 spike protein RBD cell extracts 
of L. lactis, five mice in each group. Before oral administra-
tion with PBS (control) or cell extracts (treatment), 300 µL 
of neutralizing reagent (1.5% NaH2CO3) was administered 
orally. Recombinant L. lactis was cultured in M17G broth 
with erythromycin (5 µg/mL) and chloramphenicol (5 µg/
mL) for 10 h. In treatment group, the total cell extracts 
(including 219 µg of target antigen) from 3.0 × 1010 CFU 
were dissolved in 200 µL-sterilized 1 × PBS and fed to 
each mouse, and control group fed only 200 µL-sterilized 
1 × PBS. According to immunization of mice researches, the 
immunization dosage of target antigen and schedule were 
referred to that study using crude antigen to induce mucosal 
immune response with oral administration [11, 19]. Mice 
were immunized totally six times, priming, 1st boosting and 
2nd boosting each two times. Fig 2a shows the immunization 
schedule. After 3 weeks, for analyzing anti-SARS-CoV-2 S 
protein RBD S1 subunit-specific immunoglobulins, serum 
samples were obtained from ventricle after centrifugation 
and fresh feces were sampled. The body weight of mice was 
measured before (At day 1) and after (At day 22) the experi-
ment to compare the weight gain between the two groups.

Enzyme‑Linked Immunosorbent (Elisa) Assay

Recombinant human coronavirus SARS-CoV-2 spike gly-
coprotein S1 (GenBank: YP_009724390.1, Abcam, USA) 
was coated at 96-well plates (1 µg/well) for monitoring 
antigen-specific serum IgG and fecal IgA. Diluted serum 
(1:1000) or fecal (100 mg/mL PBS with protease inhibitor 
cocktail, 1:100) samples were loaded in each well and incu-
bated at room temperature for 2 h. After three times wash-
ing with 1 × PBST (1 × PBS with 0.1% Tween) and diluted 
HRP-conjugated goat anti-mouse IgG or IgA was added to 
each well and incubated at room temperature for 1 h. TMB 
substrate buffer elicited HRP enzyme reaction and is stopped 
by H2SO4 stop solution. The ELISA results were expressed 
as optical density (OD) values using microplate reader at 
450 nm.

DNA Extraction and Sequencing for Gut Microbiome

Genomic DNA was extracted from 20 mg each fecal sam-
ple with NucleoSpin Soil kit (Macherey–Nagel, Düren, 
Germany). After DNA extraction, the 16S ribosomal RNA 
(16S rRNA) V4 region was amplified by universal primer 
sets (Forward: 5′-GGA​CTA​CHVG GGT​WTC​TAAT-3′ and 
R: 5′-GTG​CCA​GCMGCC​GCG​GTA A-3′) [20] with Ex-taq 
polymerase (Takara, Shiga, Japan). After amplification of 
16S rRNA V4 region, amplified DNA was normalized to 
50 ng per sample using Spark 10 M multimode microplate 
reader (Tecan Group AG, Zurich, Switzerland). DNA library 
is constructed and sequenced by the Illumina MiSeq plat-
form (eGenome, Inc., Korea) generating 2 × 250 bp paired-
end  reads.

Bioinformatic Analysis for Microbial Community

The quality trimming of raw reads was performed by in-
house Perl script. After quality control process, microbiome 
analysis was using open-source bioinformatics pipeline that 
quantitative insights into microbial ecology (QIIME, http://​
qiime.​org/​index.​html) version 1.9.1. Normalization was per-
formed with assigned reads that 45,000 reads/per sample for 
comparison and clustered into operational taxonomic units 
(OTUs) and using the GreenGenes 13_8 database to pick 
OTUs with 97% similarity. According to picked OTUs, the 
relative abundances of phyla and genera were calculated. 
Alpha and beta diversity of gut microbiome were assessed 
by QIIME tool, respectively. Four of alpha diversity indices 
that observed OTUs, Chao1, phylogenetic diversity (PD) 
whole tree, and Shannon were assessed by rarefaction with 
ten iterations from 45,000 reads. The beta diversity was ana-
lyzed by UniFrac distances in QIIME.

http://qiime.org/index.html
http://qiime.org/index.html
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Statistical Analysis

Statistical analysis was performed by R (version 4.1.0) lan-
guage. For microbiome significance tests, a one-way analysis 
of variance (ANOVA) followed by Tukey’s post hoc test. 
A student’s t test was used for ELISA and gut microbiome 
significance tests.

Results

Production of a SARS‑CoV‑2 Antigen

In order to confirm the correct construction of the plasmid 
vector, we used Sanger sequencing (Macrogen, Inc., Korea) 
to detect the restriction mapping between the vector and the 
insert and insert sequencing. Sequencing result indicates 
the restriction mapping and insert sequencing were correct 
(Fig. S1). To examine production and secretion of SARS-
CoV-2 antigen in recombinant L. lactis, we analyzed cell 
extracts and culture supernatants with western blot. Western 

blot result showed that there is no His-tagged protein in L. 
lactis IL1403 wild-type cells and there is His-tagged of 
22.89 kDa protein in recombinant lactis (Fig. 1b). Although 
well-known signal peptide was located N-terminal of tar-
get protein and its secretion was not successful. To quantify 
the amount of expressed antigens, commercial His-tagged 
Calmodulin were used as standard curve. According to the 
standard curve, recombinant L. lactis produces his-tagged 
antigen of SARS-CoV-2 S protein RBD S1 subunit 2.19 µg/
ml in M17G medium. These results demonstrated that the 
extracts of recombinant L. lactis contain the target antigens.

In vivo Evaluation of Recombinant SARS‑CoV‑2 
Antigen

Next, the in vivo effect of the oral vaccine was examined. 
BALB/c mice were orally administered with the total cell 
extracts of recombinant L. lactis. The vaccination schedule 
is shown in Fig. 2a. On day 22 post-priming vaccination, 
the levels of antigen-specific serum IgG and fecal IgA were 
measured using ELISA to evaluate the systemic and mucosal 
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Fig. 2   Humoral and mucosal immune response elicited by cell 
extracts of SARS-CoV-2 S protein RBD S1 subunit expressing 
recombinant L. lactis. a Schematic view of immunization test sched-
ule (n = 5 in each group tested). b The levels of SARS-CoV-2 S pro-
tein RBD S1 subunit-specific serum IgG in the treatment group were 
1.5-fold (P = 0.002) higher than control group at day 22. c The levels 
of SARS-CoV-2 S protein RBD S1 subunit-specific fecal IgA in the 

treatment group were 1.4-fold (P = 0.016) higher than control group 
at day 22. Control: Fed with PBS. Treatment: Fed with Cell extracts 
of SARS-CoV-2 S protein S1 subunit expressing recombinant L. lac-
tis. For significance test, a Student’s t test was used and expressed as 
follows: *P < 0.05, **P < 0.01. The error bars on graphs represent the 
mean ± SD of data values
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immune responses. The levels of SARS-CoV-2 antigen-spe-
cific serum IgG in the treatment (OD450nm = 0.081 ± 0.009) 
group were 1.5-fold (P = 0.002) higher than those in the con-
trol (OD450nm = 0.054 ± 0.0008) group. Meanwhile, the levels 
of SARS-CoV-2 antigen-specific fecal IgA in the treatment 
(OD450nm = 0.375 ± 0.067) group were 1.4-fold (P = 0.016) 
higher than those in the control (OD450nm = 0.262 ± 0.033) 
group (Fig. 2b, c). The bodyweight gain during the experi-
mental period (days 1–22) was monitored to evaluate the 
effect of the oral vaccine on the bodyweight of mice. The 
oral vaccine did not significantly affect the bodyweight of 
mice (Table S4). Thus, the oral vaccine elicited antigen-
specific systemic and mucosal immune responses without 
significantly affecting the bodyweight.

Gut Microbial Diversity

To compare the bacterial diversity and communities, we 
investigated the alpha and beta diversity of two groups that 
control and treatment from normalized microbiome sequenc-
ing reads. In alpha diversity, we measured the four indices 
that observed OTUs, Chao1, PD whole tree and Shannon. 
All four indices showed no significant difference between 
the two groups (Fig. S3). In beta diversity, PCoA analysis of 
unweighted and weighted based on UniFrac distances. From 
the unweight result, the two groups are dispersed (Fig. S4a), 
and there was no difference between the two groups in the 
weighted result (Fig. S4b).

Gut Microbial Composition

In order to compare the difference of major gut microbial 
taxa between immunized and non-immunized groups, we 
examined the microbial composition in both archaea and 
bacteria with phylum and genus levels. Overall microbial 
composition in the gut was not so critically different between 
the two groups. However, certain microbial groups were 
significantly different. No significant differences in relative 
abundance at the phylum level were not found between con-
trol and treatment groups (Table S2). Relative abundance in 
genus of Archaea was not significantly different between the 
two groups (Table S3). In bacteria, compared with control 
group, Coprococcus and unclassified genus of Ruminococ-
caceae were significantly higher abundant in treatment group 
(P < 0.05) and rc4-4 and Stenotrophomonas were signifi-
cantly less abundant in treatment group (P < 0.05) (Fig. 3). 
Moreover, the abundance of the genus Lactococcus, which 
was used as a host for the production of recombinant anti-
gens, was not significantly different between the two groups 
(Table S3). These results demonstrated that oral vaccina-
tion with the cell extracts of lactic acid bacteria containing 
the recombinant antigen without overall alter the intestinal 
microbial community.

Discussion

Because of the high infectivity of SARS-CoV-2 and vaccines 
may be the only public health measure against the pandemic. 
At present, there is no oral vaccine based on cell extracts of 
LAB. The purpose of this study is to verify whether the cell 
extracts containing antigen of SARS-CoV-2 S protein RBD 
S1 subunit from recombinant L. lactis can induce mucosal 
immunity to produce antigen-specific antibodies and profil-
ing the changes of gut microbiome.

We used western blot assay to confirm whether the 
recombinant L. lactis produce antigen of SARS-CoV-2 S 
protein RBD S1 subunit. Although signal peptide of USP45 
was located N-terminal of target protein to obtain secretory 
protein, His-tagged secretory protein was not detected in 
the cultured supernatant (Fig. 1b). Since the recombinant L. 
lactis do not secrete the target protein, we used cell extracts 
to immunize mice instead of using living modified organ-
isms (LMO).

The S protein of the SARS-CoV-2 is composed of S1 
and S2 that complete the initial binding with the virus 
and ACE2 that of cell surface receptor and then the virus 
enters the host cells [21]. Tai et al. research shows that the 
SARS-CoV RBD-specific antibodies could cross-react with 
SARS-CoV-2 RBD protein [22]. The alignment of two cor-
onaviruses shows that S protein RBD of SARS-CoV and 
SARS-CoV-2 are similar (Fig. S2). In Wong et al. study 
shows the a 193 amino acid fragment of the SARS-CoV S 
protein (residues 381–510) bind with ACE2 more efficiently 
than full length of S1 domain [7]. In this study, we used 
194 amino acid fragment of SARS-CoV-2 S protein RBD 
S1 subunit to produce antigen in recombinant L. lactis. In 
other research of producing neutralizing anti-SARS-CoV-2 
RBD, SARS-CoV-2 S protein RBD (193 amino acid) pro-
teins were expressed on surface of Saccharomyces cerevi-
siae, and antigen-specific antibodies were produced in mice 
after oral immunization with live-attenuated vaccine [23].

Some studies have shown that different gut microbi-
omes lead to different antibody production efficiencies of 
vaccines in human [24]. However, there are few studies on 
the changes of gut microbiome after vaccination. In this 
study, we used NGS to characterize how probiotic-based 
oral vaccine changed the gut microbiome. Cell extracts of 
probiotic-based oral vaccine did not change the diversity 
of gut microbiome. Unpublished studies from our labo-
ratory shows cell extracts of wild-type L. lactis IL1403 
did not affect genes expression in the intestine of mice. 
However, the expression of genes involved in the related 
specific protein pathway in feeding cell extracts of specific 
protein-expressing recombinant L. lactis group was higher 
than control group. This results show that the proteins 
fed with this form were not completely degraded when 
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it passes through the esophagus and stomach of mice and 
has a certain effect on the intestine. Although there was 
no great change in gut microbiome after immunization, 
the abundances of four genera were significantly different 
compared with that of the control group, such as Coproc-
occus, rc4-4, genus of unclassified Ruminococcaceae, and 

Stenotrophomonas. Moreover, the abundance of the genus 
Lactococcus, which was used as a host for the production 
of recombinant antigens, was not significantly different 
between the two groups. This indicated that Lactococcus 
wild-type proteins did not elicit antibody responses. This 
may be because Lactococcus is a natural inhabitant of the 
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Fig. 3   The relative abundance (%) of genus between control and 
treatment groups. a Coprococcus. b rc4_4. c Genus of Ruminococ-
caceae. d Stenotrophomonas. Control (n = 5): Fed with PBS. Treat-
ment (n = 5): Fed with Cell extracts of SARS-CoV-2 S protein S1 

subunit expressing recombinant L. lactis. For significance test, a 
Student’s t test was used. The error bars on graphs represent the 
mean ± SD of data values
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mouse intestinal tract. Also, our results indicate that oral 
vaccine can induce antigen-specific immune response 
without critical changes in gut microbiome. It is not clear 
whether the changes of these four genera were caused by 
intestinal immune response. Ritzi et al. research showed 
that combination of probiotics and coccidiosis vaccines 
can effectively reduce the lesion score of small intestine 
[25]. Further studies are required to validate such benefi-
cial effects of probiotic host cells for expression of viral 
antigens in oral vaccines. The intestinal expression of 
ACE2 affects the balance of gut microbiome [26]. The 
viral spike protein fragment may bind to ACE2 receptor in 
intestine when the mice were immunized orally. However, 
because the structure of mouse ACE2 is different from that 
of human, the viral spike protein could not bind to ACE2 
receptor effectively [27]. This may be one of the reasons 
for the less changes in gut microbiome after oral immuni-
zation with corona spike protein-based antigen. The infec-
tion of corona virus is not only human, and it can infect 
the other animals, such as, dogs, cats, tigers, and lions 
[28]. Our results expected this strategy can be used in the 
prevention of other animal corona virus.

L. lactis is generally recognized as safe (GRAS) status 
by the Food and Drug Administration (FDA) [29]. L. lactis 
IL1403 is known as a strain widely used for recombinant 
protein production in laboratory [30], and there has been 
no evidence to date that metabolites of L. lactis IL1403 
are toxic to experimental animals, which can directly use 
their cell extracts without purification process. Moreover, 
in this study, antigens produced from L. lactis induced 
immune response and did not cause critical changes in the 
gut microbiome in mice. These results demonstrate the 
advantages of probiotic-based vaccines.

In summary, the cell extracts of SARS-CoV-2 S protein 
RBD S1 subunit antigen expressing recombinant L. lactis 
induce mice to produce antigen-specific antibody, and there 
was no critical change in the gut microbiome after oral 
administration of the probiotic-based vaccine. This strategy 
may potentially be used in development of oral vaccines to 
induce humoral and mucosal immune responses.
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